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ABSTRACT 
Bacteria occur most commonly in naturally adherent populations termed 
biofilms. Bacterial bioflims can cause many problems largely because of their 
enhanced resistance compared to equivalent planktonic cells. A better understanding 
of biofilms may lead to more effective control strategies. Most natural and industrial 
biofilms contain more than one microbial species and interactions between the 
species may affect bioflim properties. The strains used were isolated from an 
industrial biofllm and enterobacterial species were chosen as they are ubiquitous in 
many natural environments. 
Green fluorescent protein (GFP) was used as a tool to examine the 
interactions between pairs of bacterial species. A plasmid encoding GFP from 
Aequorea victoria was transformed into strains of Enterobacter agglomerans 
(EntGFP) and E. co/i ATCC 11229 (E. coliGFP). UV illumination of plates enabled 
species to be identified in a mixture; their spatial distribution was examined by UV 
microscopy; and fluorescence measurements were used to quantify adhesion and 
inhibition of adhesion of the strains to other cells or cell components. 
Cooperation between EnGFP and Kiebsiella pneumoniae Gi (KlebGl) 
resulted in enhanced bioflim formation and alteration of dual species biofilm 
properties. E. coliGFP and Serratia marcescens 87b (Serr87b) stably coexisted in 
biofilms but did not affect the growth of each other. The other bacterial partnerships 
examined were competitive, with the end result that one species dominated the 
biofilm. Microscopic examination of EntGFP and KlebGl dual species bioflims 
showed that the two species were often closely juxtaposed in microcolonies, 
suggesting the interactions involved surface associated macromolecules. They 
appeared to directly interact through adhesin /receptor interactions and proteins were 
isolated which could form the basis of their specific interactions. In addition, EPS 
affected coadhesion non-specifically. 
Compared to single species biofilms, both species in cooperative dual species 
biofilms had increased resistance to disinfectants and antibiotics. Neutral dual species 
bioflims of E. coliGFP and Serr87b did not show increased resistance to disinfection. 
Therefore, the enhanced resistance was related to the specific interactions and 
disruption of the cooperative partnership through the integration of a third species, 
Serr87b, led to a decrease in resistance. 
EPS may form a large proportion of biofilm biomass and can consequently 
influence biofilm formation and properties. EPS played a role in bioflim resistance 
but other factors, such as physiological status, were also important. When EPS 
production was selectively or non-selectively increased, using antibiotics or altered 
C:N ratios, resistance of both single and dual species bioffims was increased. The 
amount of EPS produced by both species in cooperative dual species biofilms was 
measured using HPLC and showed Ent contributed more EPS, approximately 90 % 
compared to 45 % of cells. The EPS produced by one species and donated to a 
common matrix may protect others but if phage or phage enzyme were present, the 
entire dual species bioflim was removed because of this unequal contribution. 
The methods developed provide a convenient technique for the examination 
of mixed species bioflim communities where the unique interactions between species 
determine the true properties and resistance of the resultant biofilms. 
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TAmE flF ABBREVIATIONS 
Ent Enterobacter aggiomerans ORIG 
EntGFP Ent containing GFP plasmid 
Serr87b Serratia marcesens 87b 
E. coil Escherichia coil ATCC 11229 
E. coiiGFP E. coil containing GFP plasmid 
KlebGl Kiebsiella pneumoniae Gi spp. pneumo 
KlebGl cog coaggregation mutant of KiebGl 
EntD EPS deficient mutant of Ent 
Ent53b Enterobacter agglomerans 53b 
A}IL N-acyl-homoserine-lactOfle 
CFU colony forming unit 
CPC cetyl pyridinium chloride 
dH2O distilled H20 
DMSO dimethyl sulphoxide 
EntL EPS Ent EPS liquid 
EntS EPS Ent EPS solid 
EPS extracellular polysaccharides 
GFP green fluorescent protein 
Gal galactose 
GalA galacturonic acid 
Glc glucose 
G1cA glucuronic acid 
HC hypochlorite 
HC-&s hypochlorite based disinfectant 
HPLC high performance liquid chromatography 
INT 2iodophenyl)-3-(p-rntrOPheflY1)-5-PheflYl tetrazolium chloride 
INT-formazan 2(piodopheny1)-3-(p-flitrOPheflYl)-5-PheflYl tetrazolium chloride formazan 
Man mannose 
MTP microtitre plates 
n sample number 
OMP outer membrane protein 
ONP o-nitrophenyl 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PFU plaque forming unit 
Phage bacteriophage 
P1 propidium iodide 
QAC quaternary ammonium compound 
Rha rhamnose 
SCV small colony variants 
SDS sodium dodecyl-sulphate 
SE standard error 
ss I single species 
YE I yeast extract (medium) 
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CHAPTER 1 
INTRODUCTION 
1. INTRODUCTION 
1.1 BI0HLMS 
Bioflims are defined as matrix enclosed bacterial populations adherent to each other 
and/or to surfaces or interfaces (Costerton et al., 1995). Therefore, a biofilm 
consists of microbes and their extracellular substances. The reason that the biofilm 
mode of growth has attracted such interest is that the micro-organisms are 
demonstrably and profoundly different from planktonic cells. The resistance of 
biofilms to antibacterial agents may cause many problems which has generated 
interest in many different fields (Carpentier & Cerf, 1993). 
1.1.1 IMPORTANCE 
The first scientific study of bioflims was published by Zobell (1943). However, it 
wasn't until the 1970s that researchers realised that the phenomenon is almost 
universal in natural environments (Costerton et al., 1978). Bacteria constitute the 
most successful form of life on earth, in terms of total biomass and in terms of variety 
and extent of habitats colonised. In all natural habitats studied to date, bacteria prefer 
to reproduce on available surfaces rather than in liquid phase. Costerton (1995) 
estimated that > 99 % of all bacteria live in biofilm communities. Direct observations 
have clearly shown that biofilm bacteria predominate in virtually all nutrient-sufficient 
systems. Therefore, sessile organisms prevail in most environmental, industrial and 
medical situations. 
Biofilms are commercially very important; no plastic can resist bacterial 
colonisation for long and almost every natural surface is colonised by 
micro-organisms. Even though biofilms are often less than 1mm thick, they can cause 
serious problems. Biofilm formation is important in a wide variety of situations, for 
instance: colonisation of pipe surfaces in the, food and water industries; metal 
corrosion due to sulphate-reducing bacteria (SRB) in the shipping and oil industries; 
and in medicine causing infection of various tissues, dental decay and prosthetic 
implants (Stewart et al., 1996; Tall et al., 1995). Although biofilm formation is 
frequently associated with being harmful and detrimental, in many instances it can 
also be beneficial (Brading et al., 1995). Biofilms are important in wastewater 
treatment for the degradation of soluble organic or nitrogenous waste. Biofilms are 
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also important in digestion and biodeterioration processes. Most sections of human 
and animal intestinal tracts are colonised by specific groups of bacteria giving rise to 
natural bioflims that provide a degree of protection from pathogenic species 
(Marshall, 1992). The specific adhesion of Bacteroides succinogenes and 
Ruminococcus a/bus to cellulose is the essential first step in ruminant digestion. 
1.1.2 FORMATION AND NATURE OF BIOFILMS 
The formation of bioflims can be divided into four main sections. The first is 
colonisation, which involves the formation of a conditioning film, bacterial transport 
to the surface and initial interactions. Micro-organisms rarely have the opportunity to 
colonise clean surfaces; usually surfaces are rapidly covered by a layer of organic 
molecules (conditioning film). Proteins and glycoproteins in saliva, serum and mucus 
and, in aquatic environments, humic acids and other organic molecules coat the 
surface in question. The bacteria attach to the conditioned layer rather than the 
surface itself and the nature of the conditioning layer can encourage or discourage 
colonisation. The conditioning of the surface alters its physicochemical properties 
such as surface-free energy and electrostatic charge. The conditioning film contains 
higher concentrations of nutrients than is found in the mass of the fluid and cells are 
attracted to the conditioned surface by complex physicochemical interactions. 
Cells can be transported passively or actively to a surface. The initial 
interaction is weak and involves long range, non-specific physicochemical forces, 
such as Van der Waals. Cells can be held reversibly in a secondary minimum area of 
attraction (DLVO theory) about 10-20 nm from the surface and are prevented from 
reaching the surface by a strong repulsive energy barrier. The third stage, strong 
irreversible attachment can be achieved by short range specific interactions between 
adhesins on the microbe and receptors on the surface. Pili can penetrate the energy 
barrier and interact with the conditioning film (Marshall, 1992). Firmer binding may 
occur following EPS synthesis. 
The final stage, the development of bioflim structure, is also influenced by 
physical factors such as hydrodynamic conditions, shear effects (Brading et al., 
1995), substratum roughness (Verran & Taylor, 1995) and physicochemical factors 
such as nature of the substratum, cell surface hydrophobicity and nutrient availability 
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(Characklis & Cooksey, 1983). Behavioural factors such as motility and chemotaxis 
are also important (Lawrence ci al., 1995). At least three conceptual models exist for 
the structure of microbial bioffims: heterogeneous mosaic bioflim; penetrated water 
channel bioflim; and dense confluent bioflim. Following the use of cellular automata 
to model biofilm growth, Wimpenny & Colasanti (1997) suggested all three variants 
are correct but form at widely different substrate concentrations. However, other 
factors are equally important in determining bioflim structure, such as species 
composition, nature of the substratum and possibly even cell signalling. 
The ability to detach and migrate is of vital importance when conditions 
become too harsh or in situations of population explosion. Detachment and 
absorption of microbes to solid surfaces are often in dynamic equilibrium. Changes in 
environmental or physiological conditions can induce a shift towards an adsorption 
or desorption, but its direction can be different under various, apparently similar 
circumstances. The anaerobic, cellulose-degrading Clostridium the rmocellum 
adheres avidly to cellulose fibres, but cells detach when monosaccharides are present. 
It is thought that formation of anaerobic conditions, lack of nutrients and 
accumulation of waste by-products leads to weakening of the adhesive forces holding 
the bioflim together. Kim & Frank (1995) reported that depletion of either glucose or 
nitrogen led to the active detachment of cells from the bioflim. James ci al. (1995) 
suggested that the coccoid and bacillar acinetobacter species morphotypes and 
associated behaviour represent specialised physiological adaptations for attachment 
and colonisation in low nutrient systems (coccoid) or dispersion under high nutrient 
conditions (bacillar). 
1.1.3 BI0FILM RESISTANCE 
Surface-growing bacteria are profoundly different from planktonic bacteria, both 
physiologically and morphologically. Their susceptibility towards antibiotics and 
biocides are markedly affected by attachment (Allison & Gilbert, 1995). Treatment 
with antimicrobial agents proven to be effective against suspension cultures often fail 
to have any effect in situ (Bloomfield ci al., 1994; Holah & Kearney, 1992). For 
example, antibiotics may suppress the symptoms of a bioflim infection by killing 
planktonic organisms, but once chemotherapy ceases, the biofilm quickly regrows 
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and the infection manifests itself repeatedly. Antimicrobial agents should be examined 
for anti-adherent activity to obtain an accurate measure of the antimicrobial potential 
of such an agent (Anwar et al., 1989). Disinfectants need to be tested in systems 
where micro-organisms adhere in thick deposits and bioflims to surfaces (Exner ci 
al., 1987). Many previous studies on antibiotic susceptibility of surface-adherent 
bacteria have shown great decreases in antibiotic susceptibility. Gristina (1987) 
reported 200 fold increases and Costerton (1995) reported that biofilm cells were at 
least 500 times more resistant to antibacterial agents. Williams ci al. (1997) showed 
a more moderate increase in the resistance of Staphylococcus aureus of 2- 10 fold 
when cells were adherent to catheters. Susceptibility further decreased with increased 
adherence time prior to antibiotic challenge. Vess et at (1993) demonstrated the 
increased resistance and regrowth of pseudomonads following treatment of PVC 
pipes with ethanol, a quaternary ammonium compound, a phenolic detergent, an 
iodophor antiseptic, formaldehyde and chlorine. 
The physical and biological mechanisms that render biofilm organisms less 
susceptible include: reduced diffusion of materials through the extracellular matrix 
relative to liquids; overproduction of hydrolytic enzymes and concentration of these 
within the exopolymer; physiological changes due to reduced growth rates and / or 
the induction of attachment specific, drug resistant physiologies. It is unlikely that a 
single mechanism will account for resistance, rather that these mechanisms are 
compounded in biofilms to create extreme recalcitrance (Allison & Gilbert, 1995). 
Restricted availability of nutrients may affect bacterial growth and nutrient 
depleted conditions in vivo can result in different wall properties. When growing on 
surfaces, bacteria exhibit many changes such as alteration of the nature of their 
surface proteins, production of j3-haemolysins and formation of unusually thick walls. 
In addition, alterations in metabolic activity and differences in growth rates and 
substrate assimilation have been found between bacteria growing in suspension and 
on surfaces. Growth rate and specific nutrient deprivation are known to be important 
modulators of antimicrobial susceptibility. It was suggested by Anwar (1992) that the 
cell membranes of slow-growing bacterial cells are less permeable to antibiotics. 
Thus, slow growing cells may be particularly recalcitrant due to changes in fatty 
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acids, phopholipids, metal cations, proteins, extracellular enzymes and 
polysaccharides in the cell envelope. 
The influence of growth rate on susceptibility of bacteria is well documented 
and cells with slower growth rates are generally less susceptible. Cells with slower 
growth rates also recover quicker after treatment. Williams et al. (1997) concluded 
that the decreased susceptibility in bioflims is a function of the physiological status of 
the individual cells rather than a function of bioflim formation or EPS production. 
They also suggested that the decreased growth rate is a result of adherence rather 
than nutrient depletion. Nutrient gradients in thick bioflims are likely to be 
established, with growth rate decreasing with increasing depth of location. Gander & 
Gilbert (1997) used a perfused bioflim fermenter to alter growth rates and measure 
susceptibility of bioflims to ciprofloxacin. Susceptibility was found to be affected not 
only by antibiotic concentration but also by growth rate of the bacteria. Antibiotic 
treatment itself may cause changes in the bacterial cell envelope. Wu et al. (1995) 
showed that low concentrations of antibiotics modulated lectin and hydrophobin 
adhesins in streptococci. Suerbaum (1987) also showed that the phospholipid / amino 
acid ratio decreased in all outer membranes of antibiotic-treated E. coli. 
Active adhesion can result in a series of phenotypic changes. There is still 
debate as to whether surface-induced physiologies reflect the induction/ derepression 
of genes or whether they are indirect, for example because of different nutrient 
conditions at the surface. It is possible that touch promoters respond to the proximity 
of the surface. A new phenotype could be switched on by signalling molecules such 
as N-acyl homoserine lactones. The signals could mediate bioflim formation by the 
expression of adhesive polymers and appendages, alternatively they may facilitate the 
induction of other genes essential for the maintenance of the bioflim mode of growth. 
Davies et al. (1998) have recently confirmed that HSL signalling plays an important 
role in the development of biofilm structure. This offers the prospect for the design 
of novel anti-bioflim agents. It has also been suggested that the decreased 
susceptibility may result from the glycocaix providing a barrier which decreases 
penetration (Williams et al., 1997). The results of Stewart ci al. (1996) showed that 
the biocide was neutralised by reaction with biofllm constituents leading to a 
reduction in bulk biocide concentration and more significantly, biocide concentration 
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gradients within the biofilm. However, this view is not supported by the finding that 
diffusion to the bacterial surface are only minimally retarded in bioflims. Polyanionic 
polysaccharides may constitute a major barrier to antibiotic diffusion, but reduction 
in diffusion would not be enough to present a significant penetration barrier (Nichols 
etal., 1989). Bacteria near the surface of the bioflim or microcolony may remove the 
biocide or antibiotic, either by uptake or enzyme catalysed inactivation, in large 
enough quantities to protect bacteria more deeply embedded. Nichols et al. (1989) 
presented evidence that resistance to antibiotics was due to the aggregation of cells 
rather than EPS itself; perhaps because deeply embedded bacteria are innately less 
sensitive. The characteristics of small colony variants are slow growth, metabolic 
impairment and antibiotic resistance. It has been postulated that SCV may represent 
the true bioflim mode of growth. The population of SCV in biofilms may prove to be 
the true bioflim phenotype, with induced auxotrophy explaining many of the known 
features of bioflims (Bayston & Wood, 1997). Svensson et al. (1997) demonstrated 
that at concentrations at and above the MIC, rifampicin selected highly resistant 
variants. At sub-inhibitory concentrations, there is no development of rifampicin 
resistance. It is possible that bioflims provide a reservoir for the development of 
multiple resistance. 
Engineering biofilm control is a formidable task because the action of 
antimicrobials on bioflims involves the complex interaction of multiple processes. 
Additional processes that might confound the problem include: corrosion; 
accumulation of abiotic particulates in the biofilm; and mutation and adaptation. 
From a practical view, it would be ideal to anticipate the time required for biofilm 
regrowth and to select efficient antimicrobial dosing protocols. As most methods 
have been largely unsuccessful at preventing biofilm formation, treatments are 
concentrated on controlling established bioflims. Chemical and physical treatments 
are probably the most effective means for removing bioflims from surfaces. In 
addition to these procedures, the use of smooth surfaces, thorough drying and 
regular mechanical cleaning is recommended to minimise biofilm build up (Holah et 
al., 1990). Combination treatments using electrical currents and antibiotics have also 
been shown to be effective (Jass etal., 1995). 
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Novel antimicrobial strategies have been reported. Roxithromycin is a 
recently developed derivative of erythromycin. It has little antibacterial activity 
against Pseudomonas aeruginosa, but it has been reported to inhibit bioflim 
formation. Other studies have shown that roxithromycin inhibits bioflim formation by 
Ps. aeruginosa and Staphylococcus epidermidis (Kondoh et al., 1996). It could be 
used in combination with other antibiotics which have greater antibacterial activity. 
Johanson et al. (1997) used Pectinex Ultra, which has a wide range of enzyme 
activities, for the removal of complex biofilms. Oxidoreductases were bactericidal 
against biofilm cells but did not cause removal of the bioflim. The combination of 
polysaccharide-hydrolysing enzymes and oxidoreductases caused both removal and 
inactivation of the bacterial biofilms. Another novel treatment would be interference 
of bioflim formation using AITLs such as the halogenated furanones from the 
seaweed Delisea pulchra (Stickler, 1997). 
Attempts have been made to control biofilms in various other ways (Stickler, 
1997), for example: incorporating biocides into a substrate to make surfaces that are 
intrinsically resistant to microbial colonisation. Rogers et al. (1995) used silver 
coated surfaces which slowed down initial colonisation but did not prevent bioflim 
formation. Wood et al. (1997) used a transition metal catalyst, cobalt pthalocyanine 
which breaks down peroxides and persulphates to produce active oxygen species. 
Inclusion of these within materials increased effectiveness against biofilm formation 
and subsequent cleaning of the surface. Surface coatings such as organotin-acrylates 
which slowly hydrolysed in sea-water releasing the polymer and biocide, were 
effective and dissolution also removed attached organisms. Physicochemical surface 
modification creating new functional groups at the surface of polymeric materials can 
be achieved, for example, irradiation of polyurethanes leads to more hydrophilic 
surfaces which then preferentially absorb albumins rather than fibrinogen, which in 
turn leads to a decrease in S. epidermidis adherence. Antibiotic-impregnated devices 
of polymeric biomaterials have also been suggested but could lead to the 
development of resistant bacteria. However, any surface-modification could be 
neutralised by the shielding effect of the conditioning film that rapidly coats 
biomaterials in vivo. 
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1.2 MIXED SPECIES BIOFILMS 
Almost all bioffim research has concentrated on single species bioffims but bioflims in 
most natural and industrial environments are complex communities. Many bioflim 
processes are more efficient (or only possible) with microbial communities as 
opposed to monopopulations. The heterogeneous structure and high cell' density 
within bioflims promotes the occurrence of interactions. Interspecies interactions 
have a profound influence on bioflim formation and community structure. Stabilising 
interactions between species can lead to increased biofilm thickness and stability. 
Despite the ubiquity of mixed species biofllms, few examples have been extensively 
studied, with the exception of oral biofllms. It is important to understand the impact 
of different bacterial species on each other for better prediction and modelling of 
biofllm properties. This in turn could lead to improved control strategies. 
1.2.1 INTERSPECLES INTERACTIONS 
The formation of complex, multi-species bioflims involves interactions between 
micro-organisms and a solid substratum as well as interactions between organisms. 
These interactions may be beneficial or antagonistic. 
Coaggregation 
Many studies have been performed on the coaggregation of oral microbial pairs, 
intergeneric coaggregation is defined as cell-to-cell recognition and adherence 
between bacterial pairs from different genera and is exhibited by nearly all human oral 
bacteria. When a suspension of one cell type is mixed with an equal volume of a 
genetically distinct partner cell type, large clumps or coaggregates consisting of an 
interactive network of both cell types are formed, leaving a clear supernatant. 
Similarly, coaggregation with yeast cells or mammalian erythrocytes (Haque et al., 
1995) can reveal information on cell surface structures and the mechanisms of 
coaggregation. Surface-associated macromolecules are frequently involved in 
coaggregation and often mounted on pili. Chart et al. (1997) determined that an 18 
kDa outer-membrane protein was responsible for agglutination of erythrocytes by 
various E. coil strains. 
The observations of Tranchin et al. (1995) suggested that both cell surface 
carbohydrate and proteins were involved in the coaggregation of fungal spores. Bos 
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et al. (1996) characterised the physicochemical surface properties of a selection of 
coaggregating and non-coaggregating oral microbial pairs, by microelectrophoresis, 
contact angles and X-ray photoelectron spectroscopy. Coaggregation appeared to be 
governed, at least partially, by electrostatic interactions. It has been established that 
coaggregation between certain microbial pairs can be inhibited by the addition of 
carbohydrates. 
Lectins 
Coaggregation between pairs is also thought to involve specific molecules such as 
lectins and complementary carbohydrate receptors. It is important to realise that 
specific lectin interactions also originate from electrostatic and hydrogen bonding 
between relatively small, highly localised and spatially well organised molecular 
groups on the interacting surfaces. 
A lectin is a sugar binding protein or glycoprotein of non-immune origin 
which agglutinates cells and/or precipitates glycoconjugates. All lectins are 
oligomeric proteins with several sugar binding sites, usually with one binding site per 
subunit (Elgavish & Shaanan, 1997). The various biological activities of lectins all 
stem from their ability to bind sugars. Binding sites on lectins are thought to be clefts 
or grooves into which particular sugars fit, with certain side groups of the sugar 
making contact with small combining regions on the lectin. Agglutination results 
from the crosslinking of cells by lectins that bind to specific oligosaccharide chains 
protruding from the cell surface. Lectins generally recognise non-reducing sugar 
terminii, but residues adjacent to the sugars influence binding. Lectins are useful for 
detecting and studying carbohydrate residues on cell surfaces (Sharon, 1994) and can 
also be used to probe subtle differences in clinical isolates of the same species (Doyle 
& Slifkin, 1989). Agglutination is inhibited or prevented if the monosaccharide that is 
responsible for the binding is added to the cell suspension because the 
monosaccharide occupies and preempts combining sites on the lectin (Sharon, 1977). 
Although lectins are not usually confined to a single site in the organism in which 
they occur, they frequently appear on pili on the cell surface or as part of the outer 
membrane of gram negative cells (Behnilander & Dworkin, 1994). Membrane-bound 
lectins may also promote cell-substrate adhesion. 
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Group Behaviour and Communication 
Before any kind of bacterial group response is initiated, the density of the population 
must be assessed. Bacteria have evolved a variety of communication mechanisms that 
enable cells to sense their population density and respond accordingly. Functions as 
diverse as luminescence, conjugation, antibiotic production and virulence (Passador 
et al., 1993) all require a minimum number of cells to be effective and are, therefore, 
regulated most efficiently at the population level (Gray, 1997). Intercellular 
communication may occur between bacteria that are not in intimate physical contact 
(Salmond etal., 1995). Examples of bacterial group behaviour that are regulated by 
extracellular signals include mating in Enterococcus, social motility in Myxococcus 
and sporulation and antibiotic production in Streptomyces. These systems rely on 
peptde pheromones (Enterococcus), specific amino acids (Myxococcus) and 
butyrolactones and butanolide metabolites (Streptomyces). The strategy of linking 
the production of virulence factors to the overall number of cells has been termed 
'quorum sensing'. In the quorum sensing systems of Gram-negative bacteria the 
signal molecules are a variety of N-acylhomoserine lactone (AI{L) metabolites. As 
Gram negative bacteria grow they may produce AHL and in a confined environment, 
where the otherwise freely diffusible AHL cannot leak away, it accumulates. The 
ability to sense increasing AHL concentration enables the bacteria to monitor their 
own numbers indirectly, and only when enough bacteria are present does the 
molecule reach sufficient concentration to activate the relevant transcriptional 
activator. The genes controlled in this way seem to play important roles in 
determining the ways in which bacteria interact with each other and also with their 
eukaryotic hosts (Robson et al., 1997). 
Recently, Davies et al. (1998) proved a link between an intercellular signal 
molecule and the development of Ps. aeruginosa biofilms. Mutant biofilms formed 
flat, undifferentiated bioflims, which reverted to wild type on addition of a synthetic 
signal molecule. It appears that the development of community structures in biofllms, 
which are morphologically and physiologically differentiated from free-living 
bacteria, may be mediated by intercellular communication. 
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1.2.2 COMMUNiTY DEVELOPMENT AND STRUCTURE 
The adhesion of one species can have a negative, positive or neutral influence on the 
adhesion of another. Inhibitory actions may be due to one cell blocking the 
attachment site of another or secretion of inhibitory macromolecules which adsorb to 
the substrata and modify the conditioning film. Positive actions may be indirect by 
modifying the conditioning film or direct, for example by specific ligand-receptor 
interactions. Neutral interactions are likely to be due to separate binding sites. Two 
species may have different binding sites on one substrata but may compete for the 
same binding site on another. Thus one species potentially recruits species with 
which they are physiological compatible (James et al., 1995). 
Species within mixed biofilms may coexist, compete or cooperate and all 
these processes may occur in the same biofilm. Mixed population bioflim formation is 
determined by growth kinetics, microbial physiology and growth patterns (Okabe et 
al., 1997a). Massol-Deya et al. (1997) studied the convergence of communities to 
the same composition from three different starting conditions and their constancy 
over several months and suggested that a rather stable community may be selected 
and balanced coexistence may occur. 
Experiments on microbial interactions in chemostats have shown a strong 
tendency to result in exclusion of one species (Morin et al., 1996). The invading 
strains were more competitive than the former community, resulting in a succession 
of dominant community types. It has been suggested that when microbial competition 
occurs in mixed population biofilms, slow-growing microorganisms are forced 
toward the bioflim surface and eventually displaced by fast-growing microorganisms 
(Okabe et al., 1997a). For competitive purposes, bacteria may secrete ribosomally 
synthesised polypeptides (bacteriocins) that cause selective killing of competing 
microorganisms. Bacteriocins generally are subject to extensive post-translational 
modification, preventing the premature activation of the toxic properties of the 
bacteriocin and protecting host cells (Baba & Schneewind, 1998). 
Mixed species bioflims are often thicker and more stable than monospecies 
bioflims and this may benefit the contributing micro-organisms. This may be the 
result of one species improving the adhesion or enhancing the stability of another. It 
is possible that one species produces copious exopolymer that enhances the stability 
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of the other species and/or stabilising interactions occur between polymers of 
different species (James et al., 1995; Yu & McFeters, 1994). The effects of 
interactions between organisms in close proximity have been investigated for many 
reasons and as these interactions are unique to each system, they will each be 
discussed separately. 
Dual Species Bioflims 
Bioflim research has previously focused on either undefined, natural microbial 
populations or monopopulation bioflims. Binary bioflims are simple enough to allow 
quantitative analysis and in situ speciation and have been investigated in several 
studies. Banks & Bryers (1991) selected two bacterial species because each could be 
uniquely radiolabelled through the mechanism of its individual carbon substrate and 
evaluated two types of binary biofllm development. Establishment of a depositing 
organism in a biofilm composed of another species was found to be a function of the 
relative growth rates of the bacterial species. In the case of simultaneous species 
deposition and subsequent binary culture development, the faster growing organisms 
rapidly became the dominant bioflim species, but the slower growing organisms 
remained established within the bioflim and continued to increase in numbers over 
time. They also found the rate of removal of a species in mixed culture biofilms may 
not be correlated to the concentration of that species if there was a non-uniform 
distribution of bacteria in the biofilm. 
Stewart et al. (1997) found Kiebsiella pneumoniae and Ps. aeruginosa stably 
coexisted in laboratory grown biofllms, even though the growth rate of K 
pneumoniae was twice that of Ps. aeruginosa under planktonic growth conditions. 
Comparisons of the growth rates of the two species in mono and binary population 
biofilms suggested partial segregation of the two species in the latter. K 
pneumoniae microcolonies resided on top of, or intermixed with a base film of Ps. 
aeruginosa. They suggested that microscale structural heterogeneity and differing 
rates of bacterial attachment and detachment of the two species were responsible for 
coexistence in their system. Experimental observations by Siebel & Characklis (199 1) 
suggested that factors other than specific growth rate, such as colonial morphology, 
may significantly influence the spatial distribution of cells and relative cell numbers in 
mixed biofilms. 
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Buonon & Cerf (1996) investigated biofilm formation by Listeria inocua and 
Ps. aeruginosa alone or in mixed culture. They were examined under dynamic 
conditions, on 3 materials commonly used in the food industry: stainless steel, 
Teflonm and rubber. The type of surface influenced bioflim development and the 
production of extracellular materials. L. inocua was able to establish itself and grow 
among Ps. aeruginosa cells in mixed culture biofilms but couldn't maintain itself in 
monoculture. The proportion of L. inocua in mixed bioflims reached about 32 % on 
Teflon against only 5-7 % on steel or rubber. L. inocua cells were much less 
sensitive to disinfectants in mixed biofllms where they benefited from the presence of 
Ps. aeruginosa cells and associated polymers. Stoodley et al. (1994) also 
demonstrated the importance of Ps. fragi, an exopolymer-producing microorganism, 
for enhancing attachment and microcolony formation by L. monocytogenes. 
Jones & Bradshaw (1997) studied the interactions between a nitrogen-fixing 
strain of K pneumoniae and Salmonella enteritidis. During the initial colonisation 
phase, the binary biofilm contained a much higher proportion of metabolically active 
cells than either single species biofilm. During biofilm formation the level of 
attachment of S. enteritidis was higher in binary than single species biofilms. This 
provided evidence that established biofilms of K pneumoniae can act as foci for 
attachment of S. enteritidis and subsequent release into water distribution systems. A 
larger population of S. enteritidis may be due not only to increased attachment but 
also to enhanced growth under the influence of K pneumoniae. Siebel & Characklis 
(1991) described bioflim experiments conducted with binary and mono-populations 
of K pneumoniae and Ps. aeruginosa. The results indicated a neutral interaction, 
where neither species was affected by the presence of the other organism. 
Oral 
The development of dental plaque is the most widely studied example of a mixed 
species biofilm and the mechanism and nature of coaggregation in this system have 
been discussed. The mouth has a variety of features which have enabled it to serve as 
a useful model for the discovery of basic principles of bacterial interactions occurring 
in mucosal environments: it has a variety of surfaces; bacteria display tropisms; it is 
readily accessible for sampling; the normal flora are relatively benign; the surfaces are 
bathed by fluids and vary in their rates of desquamation (Gibbons, 1989). The oral 
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cavity has a large and diverse microbial population, with over 700 species and 37 
genera recognised. Teeth are covered by a thin film (acquired pellicle) which 
interacts with adhesins. Acidic proline-rich proteins (PRPs), present in saliva, are 
adhesion promoting fractions. Human saliva promotes the attachment of 
Actinomyces viscosus, Bacteroides gingiva/is, Streptococcus mutans and other 
micro-organisms. The ability of A. viscosus cells to recognise cryptic segments of 
PRPs (cryptitopes - previously 'hidden' sections which are only exposed when the 
molecules are adsorbed) leads to efficient mechanisms for attachment to teeth. 
Enzymes may modify the surfaces and destroy receptors for some bacteria, while 
creating cryptitopes for others. Some bacteria studied possess enzymes appropriate 
for creating cryptitopes for themselves. 
It appears that adherence by oral bacteria occurs by a multistep process, 
which may include ionic, hydrophobic and lectin-receptor mechanisms. Once bacteria 
have occupied the tooth surface, further accretion may occur by intergeneric 
coaggregation. Each strain has its own specific partners, but often several isolates of 
a genus exhibit the same set of partners, a property that has been used to organise 
isolates into coaggregation groups. Cooperation to form a multigeneric coaggregate 
occurs when two non-coaggregating cell types are mixed with a cell type with which 
they both coaggregate by different mechanisms (Kolenbrander, 1991). Bridging 
occurs in the form of sequential addition of bacteria to a growing chain of 
coaggregated cells and each newly added cell type is dependent on the preceding one 
for accretion to the aggregate. This leads to bacterial succession within the 
community as outlined in Figure 1. 
The ability to coaggregate is increased when the bacteria possess multiple 
adhesins and Hasty et al. (1992) described six different mechanisms of adhesion for 
S. pyogenes. Different streptococcal species preferentially colonise different oral 
sites, and coadhere to a varied range of bacteria, so it is possible that each of the 
various oral streptococci have evolved unique adhesins. This enables species to 
cooperate, not compete, with each other for binding sites (Whittaker et al., 1996). 
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Figure 1 - Diagrammatic representation of proposed bacterial accretion in dental plaque. 
Early colonisers bind to receptors in the acquired pellicle. Each newly adherent cell type 
becomes in turn the nascent surface and bridge for additional accreting cell types. Taken 
from Kolenbrander & London (1993). 
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Nitrification 	 - 
Wik & Breitholtz (1996) described the competition between an autotrophic and 
heterotrophic biofllm model consisting of Nitrosomonas and Nitrobacter, which exist 
in trickling filters and rotating biological contactors. The close vicinity of ammonia 
and nitrite oxidisers as shown by the confocal laser scanning microscopy (CLSM) is a 
direct result of the sequential metabolism of ammonia via nitrite to nitrate. By this 
spatial arrangement, the diffusion path from the Nitrosomonas clusters to the 
surrounding Nitrobacter cells is extremely short and facilitates an efficient transfer of 
the intermediate NO2- . Data on community structure can be related to the metabolic 
functions of the respective populations. Schramm et al. (1996) found that 
nitrification was restricted to a very narrow zone of 50 iim on the very top of the 
film. In the same bioflims, the vertical distribution of members of the Nitrosomonas 
and of the nitrite-oxidising genus Nitrobacter was investigated. Ammonia oxidisers 
formed a dense layer of cell clusters in the upper part of the film, whereas the nitrite 
oxidisers showed less dense aggregates in close proximity to the Nitrosomonas 
clusters. Neither species was restricted to the oxic zone of the bioflim but both were 
also detected in substantially lower numbers in the anoxic layers and even 
occasionally at the bottom of the bioflim. 
Sulphate Reducing Bacteria 
The anaerobic degradation of organic material is a complex process carried out by 
multiple microbial populations interacting in a food web. The identification and 
quantitation of all contributing populations in such systems, as well as an in-depth 
description of the link between population structure and function have not yet been 
achieved. Raskin et al. (1996) focused on the relationships between and among 
sulphate-reducing bacteria (SRB) and methanogens and their competitive and 
cooperative interactions. Methanogens and SRB catalyse the terminal stages of the 
anaerobic mineralisation of organic compounds and have a relatively limited substrate 
spectrum. They depend on other micro-organisms to convert complex organic to 
simpler compounds, which in turn can serve as their substrate. The final steps 
catalysed by these micro-organisms are often rate limiting for the overall conversion 
process. Under non-limiting levels of sulphate, methanogens were generally poor 
competitors. Methanogens tended to be the dominant scavengers in low-sulphate 
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environments. SRBs were more competitive than methanogens in high-sulphate 
environments and the presence of SRBs was independent of the presence of sulphate. 
Degradation of Xenobiotics 
Biodegradation by consortia of micro-organisms includes contributions by several 
species which are indispensable for the total process. Woolfaardt et al. (1994) 
demonstrated that a degradative microbial consortium consisting of at least nine 
bacterial and one algal species was isolated from soil with diclofop methyl as sole 
carbon source. Pure cultures could not mineralise diclofop methyl. The results 
indicated that interspecies interactions were necessary for degradation. The positive 
effect of sessile growth suggested that spatial organisation of cells may also be 
important for degradation. For many organic contaminants, the activity of more than 
one organism is required for complete mineralisation to water and carbon dioxide. 
The accumulation of micro-organisms on surfaces as bioflims enhances the potential 
for biotransformation of contaminants. 
1.2.3 METHODS FOR STUDYING MIXED SPECIES BIOFILMS 
A quantitative understanding of the microbial population dynamics in the biofilm is 
essential for predicting biofilm performance. The components of some mixed biofilm 
studies have been selected on the basis of pre-existing differences useful for 
identification, such as colonial morphology (Elvers et al., 1998) and substrate 
utilisation (Banks & Bryers, 1991). Other techniques for the identification of specific 
species have also been developed. Bauer-Kreisel et al. (1996) described a fast, highly 
selective method to quantify specific biomasses in mixed culture biofilms using 
polyclonal antibodies. The method involved bioflim detachment, cell separation and 
specific biomass measurement by ELISA (enzyme linked immunosorbent assay). 
Camper et al. (1996) investigated the spatial distribution of classes and subclasses of 
organisms in drinking water bioflims using rRNA probes. This revealed an 
intermingling of various organisms on the surface and within microcolonies. Other 
reports documented the location of the indicator organism E. coil in biofilms; one 
method involved rRNA probes in a dual population biofllm fed with benzoate, and 
the second involved fluorescence and reporter gene technology in a mixed population 
fed sterilised tap water. 
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Certain molecular markers and monoclonal antibodies have also been used in 
conjunction with microscopy. Stewart et at (1997) used a fluorescently labelled 
monoclonal antibody to examine the spatial distribution of K pneumoniae in frozen 
cross sections of biofilm to confirm segregation. Dalton et al. (1997) used 
fluorescent in situ hybridisation (FISH) with 16S rRNA probes and microscopy to 
examine the spatial distribution of species in mixed species biofllms and more 
recently Moller etal. (1998) reported the use of GFP to monitor gene expression and 
metabolic interactions between community members. Okabe et al. (1997b) used inert 
fluorescent microparticles as tracers to investigate the dynamics of spatial 
distribution of particulate components in mixed population bioflims. Attachment of 
particulates to, penetration into, and release from the biofllm are very important 
fundamental processes determining microbial population dynamics in the biofllms. 
However, many of the techniques described are destructive or are confined to one 
method of analysis. The development of new methods involving GFP overcome these 
limitations and therefore have a wide range of potential applications (See 
Chapter 3). 
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1.3 GREEN FLUORESCENT PROTEIN 
1.3.1 BACKGROUND 
Green fluorescent protein (GFP) was originally isolated from the jellyfish, Aequorea 
aequorea (Shimomura et al., 1962) and thirty years later the cDNA of GFP was 
cloned from Aequorea victoria (Prasher, 1995). Chaffie et al. (1994) first described 
the use of cloned GFP to monitor gene expression in both prokaryotes and 
eukaryotes and since its commercial availability, the use of GFP has expanded and it 
has rapidly become a widely used reporter of gene regulation (Crameri et al., 1996; 
Cubitt et al., 1995). 
GFPs are involved in the bioluminescence of Cnidaria, an evolutionary lower 
phylum within the metazoa. The Renilla and Aequorea GFPs emit green light having 
accepted energy from luciferases or photoproteins, depending on the species. 
Bioluminescent reactions require three major components: a luciferin, a luciferase 
and molecular oxygen. However, as many as three other components may also be 
required in some reactions, including cations, cofactors (eg. ATP, NAD(P)H), and 
fluorophores (eg. GFP). A luciferase is an enzyme that catalyses the oxidation of a 
substrate, the luciferin, to produce an unstable, electronically excited intermediate. 
Light is emitted when this unstable intermediate decays to its ground state, 
generating an oxyluciferin (Prasher, 1995). As this compound differs from the 
luciferin, the reaction produces light only once. Photoproteins differ from luciferases 
as they are stabilised oxygenated intermediate complexes of the luciferase and 
luciferin. Decay of these photoprotein intermediates and emission of light can occur 
only when the luciferase provides the appropriate environment. In Aequorea, the 
photoprotein aequorin responds directly to Ca 2 by oxidising the bound 
coelenterazine (luciferin) and the energy released stimulates GFP to emit green light 
in vivo (Figure 2). The radiationless mechanism of energy transfer is not filly 
understood (Prasher, 1995). Prokaryotic lux genes code for luciferase, a 
heteropolymeric protein with a and 0 subunits of 40-44 kDa and 35-40 kDa 
respectively. Lux genes have themselves been used as reporters of gene activity in 
numerous studies (Palomares et al., 1989; Shaw et al., 1992; Wipat et al., 1991; 
Eberl etal., 1996). 
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Figure 2 - The bioluminescent pathway in Aequorea. The luciferin involved is 
coelenterazine and the photoprotein aequorin responds directly to Ca 2 by oxidising the 
bound coelenterazine. The energy released stimulates GFP to emit green light in vivo 
(From: Prasher, 1995). 
Fluorescent reactions differ from bioluminescent reactions in that they derive 
energy from electromagnetic radiation of a specific wavelength. This results in an 
excited-state molecule with a short half-life, which rapidly decays to the ground 
state, emitting light of a longer wavelength. The fluorescent molecule remains 
chemically unchanged during the reaction and can therefore emit light continuously, 
with the appropriate energy source (Kendall & Badminton, 1998). Therefore, GFP 
has several advantages over lux: it can be detected non-invasively using UV light; no 
substrates or cofactors are required for its activity; it has a small molecular size; and 
certain amino acid replacements in the polypeptide can yield different colour forms. 
Obstacles to its use include: the time required for chromophore formation; incorrect 
folding; interference by cell autofluorescence; and GFP stability may not reflect 
dynamic bidirectional changes in gene expression. 
1.3.2 BIoCHEMISTRY 
GFP from A. victoria is a 238 an protein which emits green light (508 nm) when 
excited by near UV or blue light (395 nm) and its structure is outlined in Figure 3. 
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The protein is 27 kDa, monomeric in dilute solutions (<2 mg ml - ') and dimeric in 
concentrated solutions (> 5 mg ml - ') (Chalfie, 1995). 
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Figure 3 - Proposed structure of the chromophore peptide from Aequorea victoria GFP 
(Chalfie etal., 1995). 
1.3.3 GFP MATURATION 
The most unique feature of GFP is the presence of a highly fluorescent chromophore 
composed of a modification of the Ser-Tyr-Gly at positions 65-67 within the 
polypeptide. These 3 residues are cyclised and oxidised to form a p-
hydroxybenzylidene-imidazOliflifle chromophore. There is an apparent lag between 
the presence of GFP and its fluorescence due to the time required for the formation 
of the chromophore but it has been demonstrated that GFP fluorescence can be used 
as a quantifiable reporter gene, provided the cyclisation time for the chromophore is 
considered (Albano etal., 1996). The exact mechanism of chromophore formation is 
still unclear but (Kolb et al., 1996) used a cell-free translation system producing 
mature GFP to study the mechanism and kinetics of chromophore formation and 
protein engineering. The synthesis of GFP in a cell-free system from E. coil reached a 
plateau in 30-40 rnin and maturation was complete in 4 h. The delay between the 
GFP synthesis and chromophore formation in the cell free system provides the 
possibility to isolate and to analyse the maturation intermediates to confirm the 
modification pathway. 
Cubitt et al. (1995) proposed that cyclisation would start by nucleophilic 
attack of G1y67 on the carbonyl group of Ser65 (Figure 4). 
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Figure 4 - Proposed biosynthetic mechanism for GFP chromophore. In which cyclisation 
precedes oxidation. Species A is believed to accumulate during anaerobic expression of 
GFP (Cubitt etal., 1995). 
This would form a five membered ring, followed by loss of H 20 to form an 
imida.zolin-5-one intermediate. If this analogy is correct, mutation of Gly67 in GFP 
should prevent or greatly hinder chromophore formation and all known fluorescent 
mutants retain Gly at the appropriate position. The 3D structure of the protein 
provides further driving force for the cyclisation by placing the amino group of Gly67 
near the carbonyl group of Ser65. The final step of chromophore formation is the 
oxidation of the hydroxybenzyl side chain of Tyr66 by atmospheric oxygen. When 
GFP is expressed in anaerobically grown E. coil, the protein is non-fluorescent. 
1.3.4 GFP FLUORESCENCE 
Once GFP is synthesised and properly folded, intracellular GFP can be detected by 
irradiation with near UV or blue light and is not limited by the availability of 
substrate (Chaffie et al., 1994), unlike the lux system, which requires other cofactors 
for activity (Prosser et al., 1996). This lack of energy requirement may allow the 
detection and visualisation of starved cells. GFP can be continuously synthesised, 
which minimises the effect of fluorescence signal dilution during bacterial replication 
(Valdivia et al., 1996). Another strength of GFP as a marker lies in visualisation of 
specific gene expression in single bacterial cells in situ (Matthysse et al., 1996). 
The mature purified protein is highly stable, remaining fluorescent up to 
65 °C, pH 11, 1 % SDS, or 6 M guanidinium chloride and resists most proteases for 
many hours (Cubitt et al., 1995). The variability of GFP expression in different 
species and under various environmental conditions may make it difficult to utilise 
GFP-fluorescence to quantitate cell numbers. The potential of GFP as a quantifiable 
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fluorescent protein tag and/or reporter gene can best be realised only if its signal can 
be distinguished from that of cellular autofluorescence which occurs in the same 
spectral range. Metabolites such as NADH and flavins are strongly autofluorescent. 
The wavelength that provides optimal excitation and yields the highest signal to 
background ratio (395 nm) also leads to the greatest photobleaching rates. GFP is a 
good fluorophore compared in brightness to the commonly used calcium indicator 
dyes Fura-2 and Indo- 1. Direct labelling with GFP eliminates background due to 
non-specific antibody binding which is often a problem during immunochemical 
labelling (Niswender etal., 1995). 
Irradiation of wild-type GFP can cause 2 distinct spectral changes over time: 
a photo-isomerisation that progressively decreases the 395 nm absorption peak and 
increases the 475 nm peak; and a photobleaching process that causes both peaks to 
decline by approximately equal proportions. Photo-isomerisation dominates with 
excitation in the UV spectrum, especially near 280 nm, and may involve a UV 
induced change in protein conformation that favours ionisation of the phenolic 
remnant of Tyr66 in the chromophore. (Matthysse et al., 1996) found GFP to 
photobleach relatively slowly. In confocal laser scanning microscopy (CLSM), under 
the illumination used to generate the images shown, GFP fluorescence was reduced 
to half its original brightness after around 20 minutes of continuous illumination. 
Under conventional epifluorescence illumination the half life was around seven 
minutes. 
1.3.5 MODIFICATION OF GFP 
Most mutations in GFP result in a partial or complete loss of fluorescence without 
significant change in relative absorption or emission peaks. These mutations probably 
cause misfolding of the protein, failure of chromophore formation, or quenching of 
the fluorescence by insufficient shielding. The work described here uses an improved 
GFP, obtained by molecular shuffling, which boasts a 45 fold increase in fluorescence 
compared to wildtype (Crameri et al., 1996). Recursive cycles of DNA shuffling 
were performed, followed by screening for the brightest E. co/i colonies. In E. co/i 
most of the wildtype GFP finished in inclusion bodies, unable to activate its 
chromophore but most of the mutant protein was soluble and active. 3 amino acid 
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mutations appear to guide the mutant protein into the native folding pathway rather 
than toward aggregation. 
Mutant proteins with altered excitation spectra, emission spectra and 
fluorescence intensity have been found. Such mutants allow double and multiple 
labelling; can be more sensitive marker proteins and help to understand the molecular 
basis of fluorescence (Chalfie, 1995). Mutants, such as 565T, offer increased 
brightness, faster fluorophore formation and simpler photochemistry than wild type 
and are excellent alternatives as research tools (Cubitt et al., 1995). Other mutations 
shift the excitation and emission wavelengths creating different colours which permit 
simultaneous use of multiple reporter genes. A blue fluorescent protein is produced 
by replacing the chromophoric Tyr66 with a histidine residue (Prasher, 1995). 
Prasher also described an improved blue fluorescent protein (BFP) for use in 
mammalian cells, overcoming previous problems due to dim fluorescence and low 
expression levels. Another example of the potential application of spectral mutants is 
described by Yang et al. (1996) who have used green and red-shifted versions to 
view two populations of bacteria simultaneously. However, for most applications, 
red-shifted mutants are more difficult to detect. Such mutants need to be excited with 
visible light. Therefore, special optical filter sets are required to differentiate the 510 
nm emitted light from 488 nm light used for excitation. 
1.3.6 USES OF GFP 
GFP has been used to investigate a range of prokaryotic and eukaryotic systems to 
assess gene expression, as cellular markers and as protein tags. GFP is expressed and 
a functional fluorescent GFP is produced in diverse bacterial systems. Valdivia et al. 
(1996) used GFP to investigate host pathogen interactions and found that production 
of GFP did not alter the interaction of three pathogens with their respective host 
cells. It is a cytoplasmic protein with low toxicity and therefore should have minimal 
on bacterial cell surface dynamics. Albano et al. (1996) investigated the quantitative 
measuring capabilities of GFP. They showed how the microbial fluorescence intensity 
measurements related to GFP concentration in 2 plasmid constructs, so not only 
could GFIP be quantified but it was an accurate reflection of the GFP concentration. 
These experiments provided a basis for using the fluorescence properties of GFP as a 
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monitor of gene expression on line. With the aid of an in vivo quantifiable reporter 
gene such as GFP, the time consuming steps of sample preparation, gel 
electrophoresis and Western blot could be eliminated. Instead, fluorescence could be 
used to evaluate protein production in fermenters on line or for optimisation between 
different protocols. Recently, unstable GFP variants have been constructed to 
monitor transient gene expression, previously the main obstacle in using GFP as a 
reporter (Anderson et aL, 1998). Dahlberg et al. (1998) investigated interspecies 
bacterial conjugation by plasmids using GFP, which was only expressed in non-
parent cells lacking a chromosomal lac repressor. Recently, Davies et al. (1998) used 
a GFP plasmid to image 2 strains to elucidate the involvement of cell-cell signals in 
biofilm formation. 
There are also several examples of utilising GFP to study bacteria within 
communities. Chromosomally marked Ps. putida cells were obtained by Eberl et al. 
(1997) by inserting the hybrid transposon mini-Tn 5 GFP. This strain was used for in 
vivo tracking of individual cells after introduction into a simple sludge microcosm. 
Olofsson et al. (1998) also studied bacterial adhesion to activated sludge floes in 
situ, using a plasniid marker. The stabilities of GFP plasmids may not be sufficient for 
some applications and the use of a system with a stable chromosomal copy of GFP 
may be necessary. Similarly, Leff & Leff (1996) investigated the use of a plasmid 
borne GFP genes as a marker for monitoring survival of genetically engineered 
microorganisms (GEMs). This approach allowed evaluation of the survival in two 
ways: by plating to examine culturable cells and by microscopy to examine the total 
number of GEMs. Moller et al. (1998) investigated metabolic interactions between 
community members in flow chambers. The expression of genes involved in the 
degradation of toluene and related aromatic compounds were investigated by fusing 
GFP with the promoters. They showed induction of the promoter was caused only by 
direct interactions between an Acinetobacter species and Ps. putida. A very relevant 
study by Bloemberg et al. (1997) demonstrated the use of GFP in Pseudomonas 
species to examine a mixed bacterial population of Ps. aeruginosa and Burkholderia 
cepacia and the association of Ps. fluorescens WCS365 with tomato seedling roots. 
Thus, many areas of microbiology have already benefited from the introduction of 
GFP and other potential applications will undoubtedly follow. 
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1.4 EXTRACELLULAR POLYSACCHARIDES 
Various carbohydrate containing molecules may be present in the microbial cell wall 
including teichoic acids, lipopolysaccharides (LPS) and peptidoglycan. However, in 
addition to these wall components, polysaccharides may form part of a capsule firmly 
attached to the bacterial cell surface or may be observed as loose slime secreted by 
the micro-organisms but not directly attached to the cell. These are 
exopolysaccharides or extracellular polysaccharides (EPS). 
EPS form integral components of all biofilms, representing up to 95 % of 
their biomass. The nature and physical properties of the biofilm will be greatly 
influenced by the chemical composition and structure of the EPS (Sutherland, 1998). 
In many instances, the problematic nature of biofilms is caused by the presence of 
copious amounts of EPS (Allison & Gilbert, 1995; Sutherland, 1990). The term 
glycocalyx was coined by Costerton (1985), but is not synonomous with EPS as it 
groups together glycoproteins, EPS and other polymers within the biofilm matrix. 
Chemically EPS are extremely heterogeneous, containing a number of 
monosaccharide and non-carbohydrate constituents but much bioflim research has 
concentrated on mucoid Ps. aeruginosa, leading to the false impression that all EPS 
resemble algal alginate. Here, the heterogeneity and diversity among bacterial EPS 
and the various roles they play in biofilm formation and development will be 
discussed. 
1.4.1 EPS STRUCTURE A.Is1) PHYSICAL PROPERTIES 
Polysaccharide repeating unit structures are diverse, varying in: monosaccharide 
residues; linkages; and substitution. Part of the structural diversity of EPS is due to 
the fact that 2 identical sugars can bond to form 11 different disaccharides 
(Sutherland, 1990; Weiner et al., 1995). Microbial EPS are either homopolymers 
composed of a single sugar, or heteropolysaccharides composed of repeating units of 
several different monosaccharides, commonly between 2 and 8 in number. 
Examination of 'families' of microbial EPS with closely related structures enables us 
to determine the effect of minor (or major) changes to structure on the physical 
properties of these macromolecules (Sutherland 1997b). The structures of bacterial 
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EPS and their related physical properties are important as the properties of the 
matrix polymers influence the properties of the biofilni itself. 
The most commonly found sugars are D-glucose, D-galactose and D-mannoSe 
(in the pyranose forms). The 6-deoxy-hexoses, L-fucose and L-rhamnose, are also 
frequently present. Pentoses such as D-ribose and D-xylose are very rare in 
prokaryotic polysaccharides, except in cyanobacteria and Myxobacteria. Some 
polysaccharides may contain one or more rare sugars such as L-hexoses or furanose 
forms of the hexoses, glucose and galactose. Amino sugars are sometimes present in 
polysaccharides, most commonly N-acetyl glusosamine. Many (or perhaps even 
most) EPS are polyanionic because of the presence of uronic acid, most commonly 
D-glucurornc acid, but sometimes D-galacturonic acid or D-mannuronlc acid. 
Occasionally bacterial EPS contain 2 uronic acids, such as alginate which contains D-
mannuronic acid and L-guluronic acid or EPS from Rhizobium species which may 
contain both glucuronic and galacturonic acid (Sutherland 1990; 1995b). EPS are 
primarily composed of carbohydrates but in addition to the various sugars, there may 
be organic and inorganic substituents. Acyl groups are commonly found as additional 
non-carbohydrate components of EPS, those most frequently encountered are ester-
linked acetate and ketal-linked pyruvate. Acetyl groups frequently assert very marked 
effects on the physical properties of microbial polysaccharides such as 
hydrophobicity. The acetyl content can be higher than pyruvate and there is some 
evidence for multiple acylation of certain sugars. The pyruvate contributes to the 
overall charge, may affect hydrophobicity and is usually attached to hexoses, 
frequently to D-galactose. Pyruvate is rarely the sole acid component, more 
commonly it is present as well as uronic acid. Sulphate is only present in some 
cyanobacterial and Haloferase EPS but phosphate is of more widespread occurrence. 
Many phosphorylated EPS resemble the teichoic acids present in the walls of gram 
positive bacteria. In addition, ions which do not form part of the structure may be 
associated with the polymer during its production (Sutherland, 1977). 
Homopolysaccharides 
Among the homopolysaccharides are bacterial cellulose, levans and dextrans (all 
neutral) and some bacterial alginates composed solely of D-mannurOnlc acid. Glucans 
can have different structures and different properties even though D-glucose is the 
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sole monosaccharide constituent. Bacterial cellulose is a f3-D-glucan and is produced 
by Acetobacter xylinum and other mainly Gram negative bacterial species. It is 
secreted into the surrounding medium where it aggregates as microfibrils to form a 
pellicle (Sutherland, 1998). Pullulan is an a-D-glucan synthesised by the dimorphic 
fungus Aureobasidium pullulans. A maltotriose and a small number of maltotetrose 
units (1,4-a-linked) are coupled through 1,6-a-bonds to form an essentially linear 
polymer. Pullulan is highly soluble in water and forms viscous solutions although it 
does not form a gel (Sutherland, 1995b; 1998). Bacterial curdlan is a neutral 1,3-3-
D-glucan produced by several bacterial species including Cellulomonas flavigens 
(Voepel & Buller, 1990) and Alicaligenes faecalis var. myxogenes. It has a low 
molecular weight of 73 kDa with a triple-helical conformation and has gel-forming 
ability. Scleroglucan is part of a group of closely related f3-D-glucans and is produced 
by several fungal species. It has the same backbone structure as curdlan but 
possesses tetrasaccharide repeat units due to 1,6 a-D-glucosyl side-chains on every 
third main chain residue. In contrast to curdlan, scleroglucan has a high viscosity but 
does not form a gel. Dextrans consist of a-linked D-glucosyl residues, which can be 
linked in different ways. Dextrans are predominantly 1,6 linked with a high molecular 
weight but the dextran produced by Leuconostoc mesenteroides may also have 1,2, 
1,3 or 1,4 linkages. 
Heteropolysaccharides 
The majority of bacterial EPS are heteropolysaccharides which generally contain 
between 2 and 8 monosaccharides. The possible range of structures and the resultant 
differences in properties are very great because of the number of possible linkages 
and configurations. Each hexose can be a or 0 linked, in the pyranose or furanose 
form and be linked through the 2, 3, 4 or 6 position. Heteropolysaccharides may 
either be composed of linear repeat units, or more commonly possess short side-
chains 1 -4 sugars in length. Very rarely, the side-chains are also branched. Although 
there is a huge variability of possible structures, here we will concentrate on some of 
the more well known heteropolysacchandes. 
Xanthan is probably the best single model of bacterial polysaccharides and its 
industrial uses all derive from the physical properties of the polysaccharide 
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(Sutherland, 1990). The primary structure is a pentasaccharide repeat unit consisting 
of a main cellulose chain to which trisaccharide side-chains are attached at the C3 
position on alternate D-glucosyl residues. The polysaccharide may carry varying 
amounts of 0-acetyl groups on the C6 position of the internal a-D-mannosyl residue 
and of 4,6-carboxyethylidene (pyruvate ketal) on the side-chain-terminal f3-D-
mannosyl residue respectively. Pyruvate content appears to be the most variable 
feature of xanthan structure (Tait et al., 1986). It is generally thought to adopt an 
ordered double-helical conformation when in solution at lower temperatures and 
acylation plays a role in the transition of xanthan from the ordered confirmation to 
the disordered confirmation. Xanthan also forms synergistic gels with gluco and 
galactomannans and gelation is greatly influenced by the D-mannose and D-galactose 
ratio of these. 
Bacterial alginates differ from other polysaccharides as they are composed 
solely of uronic acid residues with no neutral monosaccharides. Alginate is obtained 
from certain species of marine algae and is used commercially as a gelling agent. In 
addition, some bacterial species such as Azotobacter vinelandli and the 
Pseudomonas strains Ps. fluorescens, Ps. Putida, Ps. mendocina and Ps. maltophila 
produce alginate. Alginates have the same basic structure as algal alginates but differ 
in that a proportion of hydroxyl groups on the mannuronic acid residues are 
acetylated. EPS from Azotobacter vinelandli most closely resembles algal alginate, 
containing contiguous sequences of mannuronic and guluronic acids, as well as 
mixed random sequences. Bacterial alginates normally produce highly viscous 
solutions, although the final viscosity is dependent on the molecular mass of the 
polysaccharides. Alginate is a linear polymer of 1,4 linked 13 D-mannuronic acid and 
a L-guluronic acid. These polymers can be arranged in blocks of polymannuronic 
acid or polyguluronic acid which produce crystalline regions. The amorphous regions 
of alginates are composed of randomly alternating mannuronic acid and guluronic 
acid residues. The proportion, distribution and order of uronic acid residues affects 
the physical properties such as viscosity and gelling. Alginates rich in polyguluronic 
acid blocks make strong but brittle gels in the presence of Ca 2 whereas a 
predominantly polymannuronic acid or polymannuronic acid and polyguluronic acid 
form weak elastic gels (Conti et al., 1994). A high proportion of acetylation occurs 
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in Pseudomonas species because they produce alginates with high levels of 
polymannuronic acid (the guluronic acid residues are not acetylated). Ps. aeruginosa 
can also have 0-acetyl groups attached to C2 and C3 positions of mannuronic acid 
residues and attain between 37 and 57 % acetylation, whereas Ps. fluorescens only 
reaches 3 to 4 %. Some strains of Ps. aeruglnosa can form an essentially acetylated 
polymannuronic acid (a homopolysaccharide). 
Gellan from Sphingomonas paucimobilis is a repeating linear tetrasaccharide 
composed of D-glucose, D-glucuronic acid and L-rhamnose in a ratio 2:2:1, but is 
devoid of any side-chains. In the native material, 0-acetyl and glyceryl residues are 
present on the D-glucosyl residue adjacent to D-glucurornC acid. The deacetylated 
gellan forms gels with similar properties to those produced with agar or alginate. A 
series of microbial polysaccharides varying in the closeness of carbohydrate structure 
to gellan have also been discovered. Several of these carry carbohydrate side-chains 
consisting of one or more sugar residues. However, none of these polysaccharides 
are capable of gelation, even when the acyl groups are removed. Another 
polysaccharide with interesting gelation properties is produced by an Enterobacer 
strain, XM6. This polymer closely resembles EPS from Kiebsiella aerogenes type 
54. Each polysaccharide is composed of the same tetrasaccharide repeat unit. 
However, the Kiebsiella polysaccharides carry 0-acetyl groups on every L-fücose 
residue or alternate ones, whereas XM6 is devoid of acyl substituents (Sutherland, 
1990). 
Although no micro-organisms produce heparin, E. coil K5 synthesises a form 
of desulphatoheparin with a repeating unit of 43glucuronosyl-1,4-a-N-acetyl-D-
glucosamine. It is similar to N-acetyl heparosan, a biosynthetic precursor of heparin. 
Because of its structural similarity to heparin, this bacterial polysaccharide is useful in 
medical research and in determining the specificity of heparinases and related 
enzymes. Hyaluronic acid has extremely high water binding capacity and is produced 
by Group A and C streptococci. It is made up of 1,4-3-linked disaccharides of 
glucuronysl- 1,3 -3-N-acetyl-D-glucosamine. 
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1.4.2 EPS PRODUCTION AND REGULATION 
The effect of solid surfaces on exopolymer synthesis may be indirect if the altered 
medium composition at the phase boundary changes the nutritional status of the 
attached bacteria. It has been reported that increased EPS production in some 
bioflims is merely a result of altered growth rate. However, it is difficult to generalise 
about the effect of growth rate on EPS production, each species, perhaps even each 
strain and each limiting nutrient has to be considered separately (Sutherland, 1990). 
Micro-organisms differ with respect to the growth phase during which EPS is 
produced. Xanthomonas campestris is unusual because EPS synthesis occurs 
throughout exponential phase and into stationary phase. Alginate, like many other 
polysaccharides, is produced primarily at the end of exponential phase to early 
stationary phase in mucoid Ps. aeruginosa (Chakrabarty, 1998). Anderson et al. 
(1987) confirmed Azotobacter alginate yields were 20 % lower with fructose as 
opposed to glucose as carbon substrate. Horan et al. (1981) found high yields of 
alginate by Azotobacter grown in phosphate limited culture. Another study showed 
that the rate of EPS synthesis was maximal in exponential growth in all nutrient 
deficient media (Tait et al., 1986). Generally, EPS production is increased in high 
carbon media, with low nitrogen or other nutrients (Kennedy etal., 1992). 
The biosynthesis of polysaccharides has been discussed in numerous review 
articles, for example Sutherland (1990). We will concentrate instead on the control 
of EPS synthesis in terms of how environmental cues may cause increased EPS 
production through mediation by sigma-factors. The protein encoded by rpoS, also 
known as nur, abrD and katF in various alleles, has been biochemically confirmed as 
a sigma () transcription factor and has been re-named o. In Gram negative bacteria 
exhibiting similar responses to starvation, a s (RpoS) homologues may prove to be a 
common regulatory component. RpoS homologues have been identified in S. 
lyphimurium, Shigella fiexneri and K pneumoniae. Ps. aeruginosa also has a less 
closely related RpoS like gene. 
controls a regulon of 30 or more genes expressed in response to starvation 
and during the transition to stationary phase (Loewen & Hengge-Aronis, 1994). The 
proteins in the regulon, many of which have not been characterised, enhance long- 
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term survival in nutrient-deficient medium and have diverse functions including: 
protection against DNA damage; virulence and expression of adhesion determinants; 
osmoprotection and EPS synthesis. The differential expression of subfamilies of 
genes within the regulon is affected by supplementary regulatory factors (including 
N-acyl homoserine lactones), working both individually and in combination to 
modulate the activity of different a s  promoters. A pathway for the control of 
alginate biosynthesis under starvation conditions by a 
S (Figure 5) was proposed by 
Chakrabarty (1998). GTP is a precursor ot ppupp, a sigI1d11u1 
activates RpoS (as) in E. coil. GTP is also a precursor of GDP-mannose, an 
intermediate in alginate biosynthesis. Nucleoside diphosphate kinase (Ndk) is 
important in triggering alginate synthesis under starvation conditions as high 
GTP / ATP ratios, along with slow growth, signal both alginate and ppGpp synthesis. 
Activation of A1gR2 
(stationary phase) 	Prolongued starvation 
Various Ndk 
InductionlderepreSSiofl 	 complexes 
Nucleotide di-phosphate 
kinase (Ndk) & Succinyl CoA 
Op GDP- mannose GTP 
ppGpp 
ATP 	 - 
inhibits breakdown 
',.ZPolyphosphate 	 of Polyp 
kinase 
Polyp 
(intracellular polyphosphate energy store) 
& 
simultaneous alginate production 
Figure 5 - Regulation of alginate biosynthesis under starvation conditions by 
cr 
(Chakrabarty 1998). 
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1.4.3 FUNCTIONS 
As EPS synthesis is energetically expensive, it must benefit the microbial species 
which produce it. EPS may serve many functions, for example: as a physical 
protective barrier which may protect against bacteriophage, toxins, protozoa, host 
defence mechanisms and desiccation (Brown & Williams, 1985; Sutherland, 1998). 
EPS is also important for hydration, ion binding and the concentration of nutrients. 
The adhesive and biofllm forming functions of EPS will be discussed in detail in 
section 1.4.4. 
Experiments by Voepel & Buller (1990) suggested that even though it 
accumulated extracellularly, the capsule produced by Cellulomonas flavigena may 
also be utilised as an energy reserve. However, in most cases, there is no evidence to 
suggest that bacterial EPS serves as a carbon and energy reserve for the bacterial 
cells which produce them, even though many bacteria synthesise the polysaccharides 
and the specific polysaccharases which degrade them (Glucksmann et al., 1993). The 
disadvantage of extracellular energy reserves is that they are exposed to the 
environment. However, this may be outweighed if the polymer is recalcitrant to 
hydrolysis by other organisms and/or if it provides other useful functions. 
Intracellular energy reserves such as glycogen and PHB are more suitable for such 
purposes (Kennedy et al., 1992) because they are protected from predation by other 
organisms and energy need not be provided for export. 
EPS are highly hydrated polymers with 99 % of their wet weight comprised 
of water. This provides the bacterium with a highly hydrated material immediately 
adjacent to the cell surface and which, in addition, may be highly charged. This 
benefits the bacteria if they have to undergo successive cycles of desiccation and 
rehydration, such as in food processing environments or on the root surface. Many 
polysaccharides form tough films on drying and rehydrate slowly, preserving the cell 
from rapid changes in water activity. EPS may also reduce 02 permeability which 
may be beneficial to some bacterial cells. To what extent the capsule binds water and 
exchanges it into and from the bacterial cell is not known. 
Ion uptake by any EPS depends on several factors, one of the most important 
being the charge density and charge distribution; this in turn depends on the chemical 
composition of the polymer and on the content of uronic acids and of pyruvate 
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ketals. Thus the highest charge density is to be found in polymers composed solely of 
uronic acids as exemplified by the bacterial alginates. The hydroxyl groups of the 
polysaccharides may also be involved in the binding of ions. The effect of ions on a 
number of EPS in aqueous solution is to cause the formation of a gel or precipitate. 
Thus the polymer is effectively insolubilised and acts as a highly hydrated film which 
may assist in attaching the bacteria to surfaces through entrapment within the gel. A 
study of various EPS indicated that material from marine bacterial isolates frequently 
gelled with divalent ions such as calcium, zinc, ferrous, cobalt or strontium while 
trivalent cations such as ferric or aluminium yielded either gels or precipitates 
(Sutherland, 1990). 
1.4.4 EPS IN BI0FILMS 
EPS are integral components of all biofilms and the integrity of any biofilm will be 
greatly influenced by its chemical composition and structure. These properties will in 
turn dictate the physical properties of the polymers and of the biofilm (Sutherland, 
1998). A better understanding of EPS properties should assist in the study of biofilms 
and the problems they may cause. The type of EPS is dependent on the microbial 
species present. Following attachment, cells initiate the production and accumulation 
of EPS which eventually surround and envelope the developing microcolony. As the 
microcolonies enlarge, they coalesce and cover the surface. Large amounts of EPS 
are produced into which the cells become embedded, giving rise to the biofilm. If 
EPS are to be effective in maintaining biofilm structure, they will do so through the 
formation of a network of cross-linked linear macromolecules. The EPS is usually 
negatively charged but can be neutral or positive, depending upon the component 
repeat units. The presence of such a matrix can influence the access of molecules and 
ions. The main obstacle in biofilm EPS analysis is obtaining large enough quantities 
(Sutherland, 1997). Many biofilms consist of a consortium of cells and each cell type 
may produce different EPS. As such, the rheological interactions between these 
polymers may lead to altered physical properties (Allison, 1993). 
Role in Adhesion 
The biofilm and adhesive functions of EPS are extremely important medically and 
commercially but the extent of polysaccharide involvement in adhesion processes is 
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unclear. Other ligands may mediate the initial attachment but bridging 
polysaccharides are certainly involved in the preservation and stabilisation of biofllms 
(Read & Costerton, 1987). The adsorption of micro-organisms onto surfaces appears 
to result in two distinct phases. One phase is reversible and independent of time, 
while the second phase is time dependent and probably requires the formation of 
some polymeric material (Sutherland 1995a). There is little direct evidence to 
suggest that EPS participates in the initial stages of adhesion, despite its synthesis by 
many species in adherent populations. Allison & Sutherland (1987) suggested EPS 
may not be involved with adhesion, but with the development of the microbial film. 
Bacteria often require prolonged exposure in order to attach firmly to surfaces, 
indicating some physiological response which may reflect the induction/ derepression 
of genes (Allison & Gilbert, 1995). However, in some cases, polysaccharides may 
have a function in the accumulative phase of bioflim production. EPS are important 
mediators of specific adhesion mechanisms within microbial communities. They often 
act as receptors to specific adhesins, resulting in interspecies interactions between 
pre-existing bacteria and colonising species such as in the oral cavity. 
Exopolysaccharide has been shown to promote the adherence of mucoid 
microorganisms to various substrata. Equally, excess EPS has been shown to impede 
adherence (McEldowney & Fletcher, 1987). In cystic fibrosis there is some evidence 
to suggest that the alginate-like EPS produced by Ps. aeruginosa promotes 
adherence of mucoid strains to epithelial cells of the pulmonary tract. Vandevivere & 
Kirchman (1993) examined the hypothesis that solid surfaces may stimulate attached 
bacteria to produce exopolymers. Addition of sand to shake-flask cultures seemed to 
induce exopolymer synthesis by a number of isolates. They found exopolymer 
production by attached cells was greater than by their free living counterparts. EPS 
production in biofilms may simply be a reflection of altered specific growth rates. 
Near .t-max both biofilm and planktonic cells synthesise similar amounts of EPS. At 
slower growth rates, the levels of EPS are markedly higher for attached populations 
(Evans et al., 1994). Observations by Hoyle et al. (1993) suggested that enhanced 
but transient production of mucoid polysaccharide occurred following the adherence 
of Ps. aeruginosa strain 579. Exopolymer synthesis by attached cells may be a direct 
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response to external signals such as contact with a surface, by means of membrane-
embedded signal transducing proteins. 
The physicochemical properties of the EPS may be involved in adhesion. 
Bacteria are negatively charged and most surfaces in nature are also negatively 
charged, so a neutral polymer could bridge the gap between the cell and the surface 
to overcome the electrical repulsion. The affinity of soluble polymers with the solvent 
is also important as the lower the affinity of the polymer to the solvent, the more 
polymer adsorbs to the surface. As many bacterial exopolymers are charged they can 
act as polyelectrolytes. If these polymers are responsible for the adhesion, the ionic 
strength of the solution will have an important influence. If the polymer contains 
regions with hydrophobic and hydrophilic properties it can adsorb to both 
hydrophilic and hydrophobic surfaces (Neu & Marshall, 1990). As previously 
discussed, hydrophobicity may be influenced by methyl and acetyl groups. Their 
adhesiveness is associated not only with the polysaccharide composition but also 
determined by the conformation and configuration of the macromolecules. Even 
changes in the three dimensional structure may be important to turn a normal 
polysaccharide into an adhesive polysaccharide. 
Bioflim Specific EPS 
Several organisms have been described as synthesising different extracellular 
polysaccharides. It is possible that bacteria use a combination of two polymers for 
the adhesion to different surfaces. The EPS produced in bioflims may be identical in 
composition and physical properties to the EPS produced under planktonic 
conditions. Alternatively the EPS may differ in their physical properties or be of 
novel composition. Mack et al. (1996) reported a specific polysaccharide produced 
by biofilm-forming S. epidermidis. Following gel filtration, the antigen was separated 
into a major polysaccharide (polysaccharide 1) which did not bind to Q-Sepharose, 
and a minor polysaccharide (polysaccharide 2) which was moderately anionic. The 
unbranched polysaccharide structure favoured long range contacts and interactions 
between polysaccharide strands and the cell wall and/or lectin like proteins, leading 
to intercellular adhesion and biofilm accumulation. The structure of the 
polysaccharide is, so far, considered to be unique and according to its function is 
referred to as polysaccharide intercellular adhesin (PIA). 
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However, a realistic examination of a wide range of bacterial species showed 
that most strains were incapable of producing more than one type of EPS, partly 
because of the large amount of molecular information necessary. The ability to form 
several chemotypes of EPS is relatively rare. A marine Pseudomonas species studied 
by Christensen et al. (1985) was unusual in that it synthesised one polymer in 
exponential phase and a totally different polymer in stationary phase. Allison & 
Gilbert (1995) demonstrated that, when grown on a solid surface, Ps. aeruginosa 
produced a chemically distinct low molecular weight EPS in addition to its normal 
high molecular weight alginate. The low molecular weight polymer was not produced 
in liquid culture, yet it significantly enhanced the attachment of Ps. aeruginosa to 
precoated surfaces. Fletcher (1973) described two types of EPS on suspended and 
attached bacteria. They were distinguished by staining techniques and the results 
suggested that the secondary EPS was synthesised at or very shortly after 
attachment. 
If different biofilm polymers do exist it is more likely that they are variations 
on the same structure, differing only in degree of acetylation for example, which 
would affect their physical properties. Methods of in situ analysis of small amounts 
of EPS are not available, as the polymers first have to be removed and purified. It has 
been indicated that at least some biofilm EPS has the same composition as planktonic 
EPS. Perhaps only small amounts of a second type of EPS are formed, which cannot 
be easily separated from the main type (Sutherland, 1995a). If several 
polysaccharides are secreted, difficulties in their resolution may be encountered. 
Role in Biofilm Resistance 
Evans et al. (1994) showed cells with mucoid phenotypes had lowered susceptibility 
to some antimicrobial agents and decreased susceptibility of biofilms to disinfection is 
a well-studied phenomenon. The exact role that EPS plays in bioffim resistance is not 
clear. Reduced diffusion through the EPS may be insufficient to explain the observed 
resistance in biofilm bacteria, because most solutes equilibriate across the matrix. 
EPS thickness will only affect the concentration of antimicrobial agents accessing 
depths of industrial scale biofilms. However, if the antimicrobial agents are highly 
charged or chemically highly reactive they will be bound and quenched by the matrix. 
Kumon etal. (1994) developed a method to measure the penetration of antimicrobial 
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agents through alginate and gellan. Penetration of positively charged hydrophilic 
drugs such as the aminoglycosides was markedly inhibited by the gels tested, but 
penetration of 13-lactams, quinolones and macrolides was not inhibited. An intact 
bioflim with associated EPS, must be essential for the resistance of Ps. aeruginosa, 
since bacteria dispersed from the mucoid BPS are as susceptible to aminoglycoside 
and 3-lactam antibiotics as their planktonic counterparts (Hoyle et al., 1993). Allison 
& Matthews (1992) reported that as viscosity increased, diffusion through the EPS 
decreased along with antimicrobial activity of tobramycin and ciprofloxacin. 
Therefore, any changes in the physical properties of the EPS such as ions, structure 
and interactions with other EPS may modify antimicrobial susceptibility. 
1. INTRODUCTION 
1.5 BACTERIOPHAGE 
Bacteriophage and their associated polysaccharide depolymerases have been 
particularly useful to study mixed species bioflims because they allow the specific 
removal of only one species. 
1.5.1 OCCURRENCE 
Bacteriophage constitute the largest viral group known. Nearly every species of 
bacterium investigated so far has been found to serve as host to one or more viruses 
(bacteriophages). Bacteriophages have been instrumental in studies of genetics and 
molecular biology and have been used extensively largely because of their 
transducing ability (Kidambi et al., 1994). Temperate phages capable of establishing 
lysogyny probably account for most transduction mediated gene flow among bacteria 
in nature (Wiggins & Alexander, 1985). Most research has concentrated on the 
phage types commonly used as molecular tools, such as A, T4, M13 and Mu, 
however there are a multitude of naturally occurring phage. Bacteriophage occur in 
high numbers in natural ecosystems (Ripp & Miller, 1997) and are significant 
mediators of microbial survival and activities. 
Studies in our laboratory have shown phage specific for bacterial species 
isolated from an industrial bioflim were commonly found in primary sewage effluent 
(Hughes, 1997). The occurrence of temperate and virulent phages in natural 
ecosystems suggests that a large proportion of phage populations remain undetected 
through the use of techniques that depend entirely on their plaque forming abilities. 
Ogunseitan et al. (1992) used DNA probes to investigate the dynamics and potential 
distribution of phage particles in natural ecosystems. They suggested that the 
metabolic status of the host bacteria contributes significantly to the detection of 
phage. Under the oligotrophic conditions in most environments, phage replication 
has been shown to be significantly altered, with latency periods lengthened, burst 
sizes reduced and the overall virulence of lytic viruses diminished. Many naturally 
occurring bacteriophages are able to alternate between temperate and lytic infective 
life cycles. In natural, nutrient-poor environments, the majority of phage infections 
may be non-lytic, resulting in the phage genome being established in the host as a 
prophage and replicated in synchrony with the host chromosome either in an 
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independent state as a plasmid or integrated into the host chromosome. Wiggins & 
Alexander (1985) determined the distribution of bacteria that contained DNA from a 
particular temperate phage by hybridising isolated colonies to phage DNA. They 
showed that phage and related particles were widely distributed in Pseudomonad 
communities from 257 environmental samples. Araujo etal. (1997) suggested phages 
could be used as indicators of faecal pollution, following their study on the levels of 
somatic and F specific coliphages and phage infecting Bacteroides fragilis in 
freshwater samples. The distribution of viruses along a trophic gradient in the 
northern Adriatic Sea were determined by Weinbauer et al. (1993). They 
demonstrated that bacterial abundance affected the frequency of mature phage 
presence and that burst size varied with bacterial morphotype, with rod-shaped cells 
exhibiting lower infection but higher burst sizes. Jiang & Paul (1998) also reported 
the widespread occurrence of lysogenic phage, with more than 40 % of isolates from 
marine populations containing inducible prophage. 
1.5.2 STRUCTURE 
Most (if not all) phages are built on the same principles: a nucleic acid core 
surrounded by a protein coat. However, the shape and size of the protein coat varies 
greatly. The nucleic acid is in the form of a long filamentous molecule and may be 
DNA or RNA and double or single-stranded. The bacterial viruses exhibit great 
diversity in morphology and the basic types outlined by Bradley (1967) are shown in 
Figure 6. Phages vary widely in size and structure (Nimmich, 1997) but are built on 
strictly geometrical lines. Even phage isolated in our laboratory varied: some had 
small icosahedral heads and small, barely visible tails. Others conformed to Bradley 
type C with long, finely curved tails resembling the coliphages P1 and P5. The 2 most 
common morphological forms, over a wide range of organisms, are the contractile 
types and those with long non-contractile tails. 
The morphology of over 750 tailed phages of Enterobacteria have been 
determined (Araujo et al., 1997). The tailed phages of Enterobacteria belong to 3 
virus families: Myoviridae, with contractile tails (Bradley Group A); Siphoviridae, 
with long, non-contractile tails (Bradley Group B); Podoviridae, with short tails 
(Bradley Group C) (Ackermann et al., 1997). Phages are in general highly specific, 
41 
F 
1. INTRODUCTION 
however, some exceptions to their specificity occur within the Enterobacteriaceae. 
This is probably because the classification of the Enterobacteriaceae describes very 
closely related organisms as separate genera. 
Group Description Nucleic Acid 
A Contractile Tail 2-DNA 
B Long Noncontractile Tail 2-DNA 
C Short Noncontractile Tail 2-DNA 
D No tail, large capsomeres 1-DNA 
E No tail, small capsomeres 1-DNA 
F No head, flexible filament I-DNA 
Figure 6- Basic morphological groups of bacteriophage (Bradley 1967). 
1.5.3 REPLICATION AND GROWTH CYCLE 
Virus replication is a multistep process that begins with attachment of the virion to 
the host cell and terminates with the production of progeny viral particles. Viral-host 
interactions are very specific. Five steps are involved with viral replication: 
attachment; penetration; replication; assembly; and release (Stirm, 1994). The 
replication cycle begins with adsorption, the attachment of the virus to a receptor on 
the cell surface (see Figure 7). In bacteria, a variety of different molecular 
components can act as receptors, including flagella, pili, outer membrane proteins, 
lipopolysaccharides, and teichoic acids. Bacteriophage have specialised structures for 
adsorption, such as the tail fibres in T-even phages. Phage attachment is immediately 
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followed by injection of the phage nucleic acid into the host cell. Only the phage 
genome enters the cell, the remaining portions (the capsule, sheath, and tail) remain 
outside the host. Following adsorption, most enveloped viruses enter the cell by 
endocytosis and an eclipse period follows, when infectivity is lost and no mature viral 
particles are produced. 
Figure 7 - Transmission electron micrograph of Ent phage infecting an Ent cell. A spike 
penetrating the outer layer can be seen. 
The genomes are then replicated and the viral components synthesised within 
the host cell and must then be packaged into complete virions prior to release. In the 
case of many phages, this assembly process is spontaneous and begins with the 
aggregation of capsular subunits into complete capsids, nucleic acid is then inserted 
into the empty phage head and condensed into a tightly packed mass. In complex 
viruses, the assembly process may involve several sequential steps, which eventually 
produce complete virions. It is known, for example, that the maturation and assembly 
of bacteriophage T4 takes place by three separate pathways involving synthesis of 
the head, tail, and tail fibres. The last step in virus replication is the release of the 
intact virions from the host. Most phage release is an immediate process resulting in 
rapid cell lysis and death, although some bacteriophages, such as M13, have a slow 
and non-destructive release. 
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Phage growth can be divided into several distinct phases (Figure 8). The first 
portion of phage growth is a latent period, in which the number of plaque forming 
units (PFU) remains constant. During this period, the phages, which have infected 
the host cells, are replicating and synthesising new material. Plating of a sample from 
the suspension during the latent period produces only one plaque per phage-infected 
bacterium. Although each infected bacterium may have several phage particles, these 
are immature at the time of plating. As a consequence, the progeny phages released 
from each bacterium are confined on the plate within the immediate area of the 
bacterium, resulting in the formation of a single plaque. In fact, samples taken at the 
very beginning of the growth curve produce no plaques, because immediately after 
entry into the host cell, the phage nucleic acid has not had an opportunity to 
replicate. This initial portion of the latent period, when no phage are produced is 
known as the eclipse period. 
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Figure 8 - A one-step growth curve consisting of a latent period (which includes an eclipse 
period), a rise-period, and a plateau. The burst-size is determined by the ratio of phage 
particles at the beginning and end of the rise period. In this example, the burst size is 1.5 x 
102  (Stirm 1994). 
As phage particles mature and are released from lysed bacterial cells, there is 
a dramatic increase in the number of detectable phages in the suspension. This 
increase, called the rise period, continues until all of the infected bacteria have lysed 
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and released their contents of progeny phage. At this time, the number of detectable 
phage particles reaches a plateau. The quantity of phage released from each 
bacterium can be calculated in a I step growth curve by determining the ratio of 
phage particles at the beginning and end of the rise period. This ratio, the burst size, 
is uiiique for any given phage/host interaction. Plaque size, plaque turbidity, size of 
bacteriophage genome, burst size and burst time vary between different phages. 
1.8.4 POLYSACCHARASE 	 - 
If the phage is to have access to cell surface receptors, the virus must remove or 
degrade the polymer that surrounds the bacterial cell envelope. To do so, many of 
the phage possess associated polysaccharide degrading enzymes (Hughes et al., 
1998). They degrade a pathway to the cell surface where the primary receptor can 
bind specifically and the infection process initiated (Figure 9) (Lindberg, 1977). 
Polysaccharide depolymerase activity has often been shown to be associated with 
small spikes attached to the viral base plates. 
Figure 9 - Degradation of a pathway to host cell surface by phage polysaccharide 
depolymerase (Lindberg 1977). 
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In addition to the phage-associated enzymes, further activity is found in 
soluble proteins in the cell lysates following viral maturation. Most of the enzymes 
are endo-acting glycanases causing very rapid, specific cleavage of the EPS chains 
with resultant loss of viscosity and integrity and release of oligomers of the repeating 
unit. The enzymes may act hydrolytically, cleaving specific linkages in the 
polysaccharides, or they may be polysaccharide lyases acting by eliminative cleavage 
at a monosaccharide-uronic acid linkage and introducing an unsaturated bond at the 
C4 and C5 of the non-reducing uronic acid terminal. The mode of action of the 
enzymes can be determined using the thiobarbituric acid reaction which indicates 
lyase activity or the reducing sugar assay which indicates hydrolase activity. 
If the bacterial polysaccharide coating is sufficiently thick, the viruses can be 
easily recognised due to their conspicuous plaque morphology. The plaques are 
surrounded by large acapsular, transparent halos which continue to enlarge after the 
medium is exhausted (Figure 10) (Stirm, 1994). 
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Figure 10 - Photograph of Ent phage haloes surrounding plaques on a lawn of Ent cells. 
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Enzymes are liberated from the infected bacteria at the time of plaque formation and 
diffuse through the agar more rapidly than the phage. Action of the enzyme on the 
host cell increases the sensitivity of the bacterium to the action of other phages 
(Adams & Park, 1956). In addition to their role in degrading a pathway to the cell 
surface, the enzymes may also break down the capsule to permit egress of the mature 
phage particles. Upon incubation of a bacterial EPS with complete particles of a 
corresponding depolymerase-containing virus, oligosaccharides consisting of one or 
more units are generally formed. 
1.5.5 BI0FILM EXPERIMENTS 
As bioflims are the most prevalent mode of bacterial growth in most environments, 
and bacteriophage are also widely distributed, phage infection of bioflims is likely to 
occur. If one cell in a biofilm is infected by a bacteriophage, cell lysis may lead to 
localised destruction of the bioflim and because of the close proximity of cells, 
further infection is more likely. So, if cells on the outside of the biofilm are infected 
by phage, they will provide a focus for the generation of further phage particles on 
release from within together with the release of soluble enzyme. The addition of 
small numbers of phage under conditions where they can infect their hosts would 
have a drastic effect, both at the site of infection and downstream (Sutherland, 1998). 
Hibma et al., 1997 tested the ability of bacteriophage for L-forms of L. 
monocytogenes to prevent bioflim formation on stainless steel. They found that the 
phage inhibited bioffim formation and effectively inactivated pre-formed L-form 
biofilms. They suggested that phage breeding may provide an alternative to chemical 
sanitisers, which lack specificity. Although this is an exciting proposition, the nature 
of the mixed population bioflim may afford protection to buried cells. Also, phage for 
every bacterium to be removed would be necessary; this wouldn't be feasible in 
complex systems. Doolittle et al. (1996) visualised the infection of surface-attached 
E. coil and Ps. aeruginosa cells using fluorescently labelled phages T4 and E79 
respectively. They demonstrated that access to deeper cells in the biofilm was 
somewhat restricted. Under low nutrient conditions the burst time was increased and 
slowed the spread of infection within the biofilm. 
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Studies by Hughes (1998) have shown that phage enzyme addition leads to 
rapid release of bioflim cells from the substratum. When extensive bond breakage has 
occurred the polysaccharide will be totally dispersed and the integrity of the bioflim 
destroyed. In mixed species bioflims, the polysaccharases may help to degrade a 
pathway to otherwise inaccessible cells. If the polymer molecules present act 
synergistically to provide increased adhesion, destruction of a key component may 
have a much more significant effect. Soluble enzymes are likely to have a more 
drastic effect on the bioflim structure than the phage associated activity. 
1.6 AIMS & OBJECTIVES 
The majority of bacteria in natural and industrial environments commonly grow in 
adherent populations, termed biofilms. Most biofilms consist of more than one 
microbial species. The aims of the project were to investigate whether interspecies 
interactions occurred between industrially ubiquitous enterobacterial species. This 
involved the comparison of different types of interactions within mixed species 
biofilms. Understanding the nature of the interactions may lead to novel preventative 
treatments. It was also significant to investigate whether mixed species biofilms 
differed in other properties, especially resistance to disinfection. Much interest has 
been generated because of the increased resistance of bioflims to antibiotics and 
disinfectants. It was of importance to determine if different species could exert 
influences on each other, further altering bioflim resistance. This may have important 
implications for treatment and removal of biofilms in numerous situations. Recently 
biofilms have been extensively studied but EPS, which form integral components of 
all bioflims, have received little attention. Unfortunately, studies on bioflim EPS have 
often concentrated on alginate produced by Pseudomonas aeruginosa, which is far 
from representative of all bacterial EPS. Therefore, the specific roles of EPS in both 
bacterial interactions and resistance were investigated. 
CHAPTER 2 
MATERIALS & METHODS 
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2. MATERIALS AND METHODS 
2.1 BACTERIAL STRAINS, BACTERIOPHAGE AND MUTANTS 
The bacteria were obtained from industrial surfaces, purified and tested using API 
strips (Biomerieux, France) at Unilever laboratories to determine the species. 
Initially, 10 species of Enterobacteriaceae were supplied: Serratia marcescens 
ORIG.; Serratia marcescens 87b; Serratia marcescens Pd3a; Serratla liqufaciens 
5xa; Kiebsielia pneumoniae spp. pneumo Gi; Kiebsiella pneumoniae spp. pneumo 
107b; Kiebsiella oxytoca 86b; Kiebsielia oxytoca 109c; Enterobacter agglomerans 
ORIG.; Enterobacter aggiomerans 53b; Two additional species were supplied by 
Unilever, which are used for industrial testing: Pseudomonas aeruginosa A TCC 
15442; and Escherichia coil ATCC 11229. An EPS mutant of Enterobacter 
agglomerans 53b was supplied by Kevin Hughes and another EPS-deficient mutant 
of Ent was isolated after mutation with UV (EntD). Two species, Klebsieiia 
pneumoniae spp. pneumo Gi (KlebGl) and Enterobacter agglomerans ORIG. (Ent) 
exhibited cooperative bioflim formation and for this reason they have been the most 
extensively studied. Serratia marcescens 87b (Serr87b) and Escherichia coil ATCC 
11229, which stably coexisted in bioflims, were used as a comparison. 
Bacteriophage for Enterobacter aggiomerans ORIG. (Ent phage), Serratia 
marcescens 87b (Serr87b phage), and Escherichia coil ATCC 11229 E. coil phage) 
were successfully isolated from sewage. In addition, a phage for Enterobacter 
aggiomerans 53b (SF1 53b) which was also active on Enterobacter aggiomerans 
ORIG. was available. 
An exponential culture of Ent was centrifuged at 9 000 x g , washed once and 
resuspended in PBS and 10 ml was poured into a glass petri dish containing a 
magnetic stirrer and left uncovered, stirring in a UV cabinet. Samples were removed 
at 2 'I; 5, 10, 15 and 20 mm, diluted and plated out onto YE agar. Following 24 h 
incubation at 30 °C, colony morphology was examined. 3 less mucoid colonies were 
subcultured for further examination. One mutant showed a 20 % reduction in EPS 
production, determined by acetone precipitation of EPS from growth on YE agar 
(EntD). A coaggregation mutant was isolated by repeated subculture of KiebGl and 
slow centrifugation at 1 000 x g to remove agglutinating cells. 
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2.1.1 PLASMID MAP 
ERJ 
Figure 11 - Plasmid map of pBAD-GFP as described by Crameri etal. (1996). The plasmid 
construct had an arabinose promoter (araC), an ampicillin resistance gene (ampR) and a 
functional GFP. 
2.1.2 TRANSFORMATION WITH GREEN FLUORESCENT PROTEIN (GFP) 
Two of the strains, Enterobacter agglomerans ORIG. and E. coil ATCC 11229, 
were labelled by transforming a plasmid encoding green fluorescent protein into 
them. They will be referred to as EntGFP and E. coliGFP respectively. Enterobacter 
agglomerans (or E. coil) was grown to early log phase in 100 ml YE broth. The cells 
were transferred to a chilled tube, incubated on ice for 15 min and pelleted at 2700 x 
g for 10 min at 4 °C. The pellet was washed twice in 10 ml 1mM HEPES pH 7.0 and 
resuspended in 0.5 ml cold 10 % glycerol. 0.2 ml was mixed with 1 p.1 pBAD DNA 
(Affymax) in TE buffer in a cold 0.2 cm cuvette and a pulse of 2.5 KY, 25 p.F, 200 
11 applied. The cells were resuspended in SOC (recovery) buffer, incubated at 30 °C 
for 1 h and plated out. pBAD-GFP transformants were selected on the basis of their 
ampicillin resistance. GFP is under the control of an arabinose promoter and 
maximum expression occurred when 0.5 % arabinose was included in the growth 
medium. Bacteria containing GFP can be identified microscopically using UV 
illumination, plate counts using a UV transiluminator to identify fluorescing colonies 
and by quantitative fluorescence measurements. 
I 
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Soc Recovery Buffer 
2% 	bacto-tryptone 	 10 mm 	M902 
0.5% bacto-yeast extract 	20 mlvi Glucose 
10 mm 	NaCl 	 10 mm 	MgSO4 .7H20 
2.5mM KC1 
2.2 CULTURE coNDrrloNs 
Yeast Extract Medium gL' 
Yeast Extract 	 - 1 
Casein Hydrolysate (Oxoid, Hants.) 1 
Glucose 10 
xlOsalts 100 ml 
Distilled H20 900 ml 
(Agar 15) 
pH 7.0 
x 10 Salts (all salts from Fisons, Loughborough) gL t 
Na2HPO4 100 
KH2PO4 30 
K2SO4 10 
NaCl 10 
MgSO4.7H20 2 
CaC12.2H20 0.01 
FeSO4.7H20 0.001 
Each salt was dissolved sequentially in distilled H 20, each item was dissolved before 
adding the next. 
Yeast extract (YE) medium (Sutherland & Wilkinson, 1965) was used for the 
culture of both organisms. The bacteria were stored as stock cultures at -70 °C 
They were prepared in triplicate for each species. 3 ml YE broth and 20 % glycerol 
were poured onto bacterial lawns, homogenised using a flame sterilised glass 
spreader and 1 ml aliquots dispensed into 1 ml plastic bottles. Organisms for 
experimental use were streaked onto YE agar plates and incubated for 24-48 h at 
30 T. Liquid cultures were prepared by inoculating into a 250 ml conical flask 
containing 100 ml YE, and incubating on an orbital shaker (100 rpm) at 30 °C for 
16 h. 
Phosphate Buffered Saline 
1 tablet (Oxoid, Hants.) was dissolved in 100 ml distilled H 20. 
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2.3 ENUMERATION 
To allow for successful standardisation, the bacterial cells were enumerated in two 
ways: 
Microscopic Enumeration 
The bacteria were grown in liquid YE broth at 30 OC at 100 rpm for 16 h, centrifuged 
at 4000 x g for 15 min and washed twice in Phosphate Buffered Saline (PBS). The 
optical density was then adjusted by further dilution with PBS, using a 
spectrophotometer at 600 tim wavelength. Before each filling of the 
haemocytometer, it was cleaned using a mild detergent, rinsed with water and finally 
rinsed in alcohol and blotted dry. The glass slide was then moistened and the glass 
cover slip pressed on firmly until a rainbow pattern appeared around the edges. The 
edge of the pipette tip containing the cell suspension for calibration was touched to 
the end of the coverslip and the liquid drawn through by capillary action. The 
specimens were examined under the x 40 objective. 
The cells were diluted further if the number exceeded 3 x 10 ' cells rn!4 . The 
cells lying within the small squares were then counted. At least 600 total organisms 
should be counted for accuracy, ideally with between 5 and 15 cells per square. In 
addition, at least three chamber fillings should be used for each calibration. The 
number of cells rn!4  of undiluted culture was calculated using the following equation: 
total bacteria counted x dilution factor x 4 x 108 
number of small squares counted x filling depth in I.tm 
Viable Counts 
16 h bacterial cultures were centrifuged at 4000 x g for 15 mm, washed in PBS and 
the optical density adjusted. Each sample was then serially diluted with PBS, 0.1ml 
aliquots plated out onto YE agar, spread and incubated at 30 °C for 16 h. The 
colony forming units (CFU) per plate were counted and the CFU ml - ' of the initial 
sample calculated. 
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2.4 BI0FILM GROWTH 
2.4.1 BATCH CULTURE SYSTEMS 
Glass coverslips were used for biofilm cultivation in a batch culture system 
developed by Hughes (1997). It consists of a box containing YE broth (250 ml) and 
1 % glucose, the coverslips were supported by a metal holder. A small magnetic 
stirring bar was also incorporated in the system and a magnetic stirrer set at 100 rpm 
provided constant renewal of nutrients at the glass interfaces. Each system was 
inoculated with overnight bacterial cultures to obtain approximately 10 5 bacteria m14 . 
To obtain viable counts 3 x coverslips were removed, rinsed in 3 x changes of 20 ml 
PBS and crushed in a flame sterilised 10 ml glass beaker containing 5 ml PBS. Serial 
dilutions and plate counts were then carried out. 
25 g of 4 mm diameter glass beads in a 250 ml flask with 100 ml YE and 1 % 
glucose were inoculated to obtain approximately bacteria m1'. The flasks were 
incubated at 30 °C with shaking at 80 rpm. To obtain viable counts each bead was 
rinsed and transferred to an eppendorf containing 1 ml PBS, vortexed for 30 s to 
remove the biofilm cells, diluted and plated out. 
Plastic 96 well microtitre plates (Lifesciences international, UK) were used 
for bioflim cultivation and adhesion studies. For single species biofilms, 100 ml of 
16 h overnight cultures were washed in PBS and resuspended in 20 ml of YE, 100 
il volumes were dispensed into each well and the plates were incubated (with or 
without shaking) at 30 °C for the required time period. For dual species biofllms, 
100 ml of each overnight culture was washed and resuspended in 10 ml YE, the two 
cultures were then mixed, dispensed and incubated. 
2.4.2 CONTINUOUS CULTURE 
A chemostat system, which has been previously described (Hughes, 1997), was used 
for biofilm and plasmid maintenance experiments. Glass coverslips were held in a 
circular arrangement with a nutrient reservoir fed by a peristaltic pump and overflow. 
The 11 culture vessel containing 700 ml YE and 1 % glucose was inoculated with 
105  cells from an overnight bacterial culture and incubated at 30 °C for 4 h to allow 
the cells to reach exponential phase. The peristaltic pump (LKB, Sweden) was then 
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started at the appropriate flow rate (9.6 ml h 1 for most bioflim experiments), see 
Table 1. The lid of the culture vessel could be removed for sampling. 
Speed (Arbitrary Units) 	 Flow Rate (ml h') 
2 	 25 
4 45 
6 	 65 
8 85 
10 	 105 
Table I - Persistaltic pump speed and flow rates achieved. 
2.5 BI0FILM ANALYSIS 
2.5.1 VIABLE COUNTS 
To obtain viable counts 3 x coverslips were removed from the box batch culture 
system, rinsed in 3 x changes of 20 ml PBS and crushed in a flame steriised 10 ml 
glass beaker containing 5 ml PBS. Serial dilutions and plate counts were then carried 
out. For glass beads, viable counts were obtained as following: each bead was rinsed 
and transferred to an eppendorf containing 1 ml PBS, vortexed for 30 s to remove 
the biofilm cells, diluted and plated out. This provided an accurate way to process a 
large number of samples, each data point being the mean of 6 replicates. 
2.5.2 PROTEIN DETERMINATION 
Biofilm adhesion and early development were investigated using a method of protein 
determination in conjunction with viable cell counts. Biofilms were grown on 
coverslips in batch culture and at the appropriate time interval each coverslip was 
removed, washed 3 x in PBS and crushed in a flame sterilised 10 ml beaker 
containing 2.5 ml PBS. At this stage 100 gL samples were removed for dilution and 
estimation of viable cell numbers. The suspension (and glass) was then washed into a 
small sonication vessel with a further 2.5 ml PBS. This material was then sonicated 
vigorously for 5 mm, using a 8 mm diameter probe, to both remove the cells from the 
surface and break the cells. Care was taken to cool the sonication vessel throughout 
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to prevent protein denaturation. The amount of protein was then measured using the 
Biorad Bioassay (Biorad, Hemel Hempstead, Herts). 0.8 ml aliquots were mixed with 
0.2 ml concentrated dye reagent, vortexed and read at 595 rim after 5 mm. The 
absorbance readings were then compared to a standard curve of 0- 10 .tg bovine 
serum albumin (BSA). At each time interval 3 coverslips were removed, with 3 x 0.8 
ml aliquots sampled from each sonicate. 
2.5.3 TOTAL CARBOHYDRATE DETERMINATION 
Carbohydrate determination was carried out following the method of Dubois et al. 
(1956). Biofilms grown on glass coverslips were rinsed and crushed in 2 ml dH20. 
200 .tl aliquots were removed for total carbohydrate determination. For bioflims 
grown on glass beads, 15 beads were removed, rinsed and placed in an eppendorf 
with 0.5 ml dH20. They were then vortexed vigorously for 30 sec and 200 p.1 
aliquots were removed for total carbohydrate determination. 
Solution 1 	5 % aqueous phenol 
Solution 2 Conc. H2SO4 
To 200 p.1 of sample, 200 p.1 of solution 1 was added and vortexed for 10 s. 1 ml of 
solution 2 was added and again mixed well. Tubes were left at room temperature for 
15 min and read at 490 nm. A standard curve was included (0-18 p.g) using 1 mg mt' 
glucose. 
2.5.4 QUANTITATWE FLUORESCENCE 
The fluorescence of GFP was measured on a Perkin Elmer LS SOB fluorimeter. 
Biofilms (or cell monolayers) were grown in MTP and the adhesion or growth of 
EntGFP or E. coliGFP could then be quantified. The dual excitation, emission 
fluorimeter was set at 390 and 510 tim respectively. In addition, the wavelength band 
could be used to adjust the sensitivity of the machine and to block out non-specific 
fluorescence. 
2.5.5 MICROSCOPY 
General Biofilm Staining (Allison & Sutherland, 1984) 
At the appropriate time interval, two coverslips were removed from the batch culture 
system and excess medium drained off. Each coverslip was then flooded with 10 mM 
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cetyl pyridmium chloride (CPC) (BDH, Poole) and left for 20-30 mm. The 
coverslips were air dried, gently heat fixed and allowed to cool. They were then 
stained for 15 min with Congo Red solution: 2 % solution of congo red and 10 % 
Tween 80 mixed in the ratio 2: 1. The coverslips were rinsed carefully with tap 
water, stained for 10-20 s with Carbol Fuchsin solution, rinsed and dried at 37 °C. 
Specific Bioflim Staining 
16 h dual species biofilms on glass coverslips were immersed in 10 mM cetyl 
pyridinium chloride (CPC) for 5 mm, then immersed in 25 p.g ml' propidium iodide 
(P1) (Sigma, UK). Pre-treatment with the detergent caused cell membrane damage 
and access of P1 to the cell interior. GFP was not masked by the presence of PT in the 
cell, therefore EntGFP cells appeared green (or yellow) and KlebGl 
cells appeared 
red under UV illumination. The biofilms were observed on a Polyvar microscope 
with tungsten bulb attachment (Reichert-jung, Austria) using a violet-blue excitation 
filter (395 - 446 nm). This method gave no indication of cell viability but was 
effective for examining spatial distribution. 
2.5.6 EASE OF REMOVAL 
Following the method of Eginton et al. (1995), glass coverslips were removed from 
the holder and rinsed separately in three successive 20 ml volumes of sterile PBS. 
Each coverslip was placed gently, flat on the surface of a YE plate. After one minute 
the coverslip was removed to a second plate and the first plate spread with a glass 
spreader. The process was repeated through a succession of 15 plates. No less than 
eight replicate tiles were taken through the plate succession. The results were 
analysed using linear regression. When plotted on a log scale, the removal exponent 
equals the gradient of the line. The removal exponent describes the strength of 
adhesion the cells to the surface. 
2.5.7 METABOLIC ACTIVITY 
The metabolic activity of dual and single species bioflims was measured using 2-(p-
iodopheny1)3(p nitropheflyl)5PhenYl tetrazolium chloride (ThT). I ml 0.02 % INT 
was added to 50 rinsed glass beads, incubated at 30 °C for 18 h and the A480 
measured. 1 -30 p.g m14  INT formazan standards were included. The glucose oxidase 
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assay was also used to determine the change of glucose in biofilm culture medium for 
dual and single species bioflims. The assay is described in section 2.11.1. 
2.6 AGGLUTINATION 
Overnight bacterial liquid cultures were centrifuged at 4000 x g for 15 min and the 
pellet resuspended in PBS. The cells were washed twice more and resuspended in a 
small volume of PBS before use. Bacterial lawns were harvested by adding 3 ml of 
PBS, scraping with a flamed glass spreader and decanting the cell suspensions for 
use. 
Saccharomyces cerevisiae and Schizosaccharomyces pombe were grown on 
YEPD agar for 24 h at 30 °C . They were harvested as above. 
YEPD Agar 	 gr' 
Yeast Extract 10 
Peptone 	 20 
Glucose 20 
Agar 	 15 
pH 7.2 
The sugar haptens for the agglutination experiments were made up in sterile PBS to 
2 % w/v. The following sugar solutions were used: D-mannose; a-methyl-D-
mannosyl; N-acetyl-D-glucosaflllfle, D-glucose; and yeast mannan. 
0.1 ml (OD600 1.0) of the relevant bacterial species was mixed with 0.1 ml of 
red blood cells, yeast or bacterial suspension in porcelain or plastic agglutination 
plates respectively. The plates were rocked and any clumping recorded. This method 
generated qualitative data. Where a positive agglutination response was observed, 
sugar haptens were used to attempt to inhibit the reaction. 
2.7 COAGGREGATION 
2.7.1 RADIOACTWE NITROCELLULOSE MEMBRANE ASSAY 
Based on the method described by Lamont & Rosan (1990), the first (unlabelled) 
species was attached to a nitrocellulose membrane using vacuum filtration. 3 ml 
aliquots of each overnight bacterial culture were blotted onto pre-soaked 
nitrocellulose membranes (25 mm diameter). The second species was radiolabelled 
using 0.5 RCi 14C glucose, added to 20 ml YE, inoculated and incubated at 30 °C for 
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16 h. The cells were washed twice and resuspended in PBS and allowed to attach to 
the base blot membrane for a 2 h period. Each membrane and unblotted control were 
immersed in 10 ml of each radiolabelled species and gently agitated for 2 h. The 
membranes were removed, rinsed and transferred to scintillation vials with 5 ml 
scintillant and counts obtained on a Beckman LS 5000 CE scintillation counter. The 
radioactivity was compared with the radioactivity of a nitrocellulose membrane 
without a base blot; interspecies coaggregation could then be calculated. 
2.7.2 ENTGFP ADHESION 
100 p.1 aliquots of washed stationary phase En! (non-GFP) or KlebGl cells were 
added to each well of an opaque microtitre plate (MTP) and incubated at 30 °C for 
1 h. The wells were rinsed with phosphate buffered saline (PBS) and 100 41 aliquots 
of EntGFP cells added. At the appropriate time interval, the wells were rinsed and 
100 p.1 PBS replaced. The fluorescence of attached EntGFP cells were measured on 
a Labtech Biolite Fl fluorimeter (excitation 395 nm, emission 508 nm). 
2.7.3 KLEBGJ ADHESION 
100 p.1 aliquots of washed stationary phase En!GFP cells were added to each well of 
a transparent microtitre plate (MTP) and incubated at 30 °C for 24 h. The EntGFP 
monolayers were killed by exposing to UV for 120 mm. 100 p.1 KlebGl cells were 
added for the required time. The wells were then rinsed once with PBS and replaced 
with 100 p.1 YE (+ glucose + arabinose). The regrowth of KlebGl into the liquid 
phase was proportional to the number of attached cells. The adhesion of KlebGl 
could thus be measured using a Dynatech 5000 plate reader (570 nm) to quantify the 
increase in turbidity. 
2.7.4 INHIBITION OF ENTGFP AND KLEBGJ ADHESION 
Protease 
The conditioning procedure was followed but the EntGFP cells were treated with 
Bromelain (activity 103 units (p.g protein)' h' ) for up to 1 h before adding to 
KlebGl conditioned wells and measuring EntGFP attachment. The activity of the 
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protease was measured using azoalbumin. Between 0 + 300 p.1 of a 10 mg 
solution of the protease to be tested were added to a glass test tube and made up to 2 
ml volumes. 0.1 ml azoalbumin solution (5 mg ml-1  in 0.1 M Tris buffer pH 7.5) was 
added to each and incubated at 30 °C for 1 h. 2.0 nil 8 % trichioroacetic acid was 
added to stop the reaction and precipitate the unhydrolysed azoalbumin. The samples 
were centrifuged at 4 000 x g for 2 mm. 2 ml of the supernatant was added to 2 ml 
0.5 MNaOH and Aoo read. 
Polysaccharases 
The EntGFP cells were treated with a polysaccharide degrading enzyme obtained 
from an Ent specific bacteriophage. Phage-free enzyme was prepared by filtration 
(>10 kDa, <100 kDa) and checked by spotting onto bacterial lawns. The preparation 
had a specific activity of 3.78 x 10 p. mol glucose h' mg protein'. 100 p.1 aliquots of 
the treated EntGFP cells were added to KlebGl conditioned wells and the 
fluorescence measured. Commercially available polysaccharases were used to 
attempt to inhibit the adhesion of KlebGl to EntGFP. The activity of the 
polysaccharases was measured using cellulose azure as substrate. 5 mg cellulose 
azure was added to 0.5 ml, 10 mg m1' solutions of each enzyme preparation. They 
were incubated at 30 °C for 1 h or 24 h. The samples were microfuged for 1 min and 
A690 of 0.8 ml volumes were measured. 
Sequestering Ions 
100 p.1 KlebGl overnight culture was added to each well in a WP and incubated for 
16 h at 30 °C. 10 ml EntGFP overnight culture was added to 10 ml sterile DH 20 
(control), 10 ml 2mg m1 1  EDTA or 200 jig ml-' EDTA. 100 p.1 of each was added to 
each KlebGl monolayer and allowed to attach for 5, 15, 30, 45, 60, 90 and 120 mm. 
The liquid phase was removed and the wells rinsed once with PBS. The fluorescence 
of adhering EntGFP was then measured on a Perkin Elmer LS SOB fluorimeter. 
Sugar Inhibition 
0.5 % w/v mannose was added during a 30 min attachment period of KlebGl to 
EntGFP monolayers. Regrowth after 20 h was measured on a Dynatech 5000 plate 
reader. 
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2.7.5 CONDITIONING WITH EPS 
KlebGl and Ent extracellular polysaccharides (EPS), prepared by acetone 
precipitation, were used to condition the MTP well surfaces. The EPS were 
dissolved (or resuspended) in distilled H 20, 50 tg glucose equivalents were added to 
each well and incubated at 37 °C for 24 h. The amount of carbohydrate bound to 
each well was calculated using an adaptation of the phenol-sulphuric assay for total 
carbohydrates, as previously described. The attachment of EntGFP cells was 
measured on a Perkin Elmer LS50B fluorimeter. 
2.7.6 ANALYSIS OF OUTER MEMBRANE PROTEINS INVOLVED IN COAGGREGATION 
Total Membrane Preparations 
4 x 11 cultures of EnIGFP, KlebGl and Kieb Gi cog were centrifuged at 10 000 x g 
for 20 min and the pellet resuspended in 30 ml PBS, then passed through a French 
press. The samples were re-centrifuged at 10 000 x g for 20 min and the supernatant 
ultracentrifuged at 35 000 x g overnight. The membrane pellet was resuspended in 
0.2 % SDS . The amount of protein present in the samples was measured using the 
Biorad protein assay and then analysed by SDS-PAGE. 
Adhesive Protein Isolation 
100 ml overnight bacterial cultures were centrifuged at 4 000 x g for 10 mm, washed 
once in PBS and resuspended in 10 ml PBS. The samples were vortexed for up to 
12.5 min and microfuged for 5 mm. The supernatants were concentrated in PEG. 
The coaggregation at different vortexing time intervals was measured using 
absorbance. The amount of protein in the samples was measured using the Biorad 
bioassay and the proteins were analysed by SDS-PAGE. 
Polyacrylamide Gel Electrophoresis 
Polyacrylamide gel electrophoresis (PAGE) was carried out following the method of 
Leammli (1970). A 1 mm resolving gel of 10 % acrylamide was allowed to 
polymerise and a 4.5 % stacking gel was poured on top with a comb placed in it. 10 
% SDS was added to a final concentration of 0.1 % to make a denaturing gel. The 
following running buffer was used: 
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Running Buffer g U' 
TRIS base 3.0 
Glycine 14.4 
+/-SDS 1.0 
10-30 .tg protein was mixed with sample buffer and loaded into the wells. A mixture 
of molecular weight markers were included for reference. The samples for denaturing 
gels were boiled for 3 min and microfuged for 3 min to pellet any insoluble material. 
The gel was run at 10 mA (constant current) for 1 h to allow the proteins to stack in 
the gel, followed by 20 mA until the blue dye front was within 1 cm of the bottom of 
the gel. After the electrophoresis was complete, the gel was stained with silver 
(Biorad Bulletin 1089) or coomassie blue (for protein concentrations above 30 .tg). 
The gel was dried down on 3 mm chromatography paper. 
2.7.7 CELL-SURFACE HYDROPHOBICITY 
Salt Agglutination Test 
The A600  of overnight bacterial cultures was adjusted to 1.0 with PBS and mixed with 
an equal volume (0.5 ml) of 1 M ammonium sulphate. Agglutination of cells 
indicated hydrophobicity. 
Xylene Partitioning 
Cells were centrifuged for 10 min at 10 000 x g, washed and resuspended to an 
optical density of 1.0 (at 550 nm) in PUIM buffer at pH 7.1 (Rosenberg et al., 1980). 
Hydrophobicity was determined by vortex mixing 5 ml cell suspension with 5 ml 
xylene in a 200 ml capped glass bottle for 2 mm, allowing phase separation for 
15 min at room temperature and measuring the absorbance at 550 nm of a 3 ml 
sample from the lower aqueous phase. 
PUM Buffer 	 g I' 
K2HPO4 .3H20 22.2 
KH2PO4 	 7.26 
Urea 1.8 
MgSO4 .7H20 	 0.2 
pH 	 7.1 
2.8 DEVELOPMENT OF DIFFERENT MIXED SPECIES BIOFILMS 
To obtain single species biofilms, batch culture or continuous culture vessels were 
inoculated with 1 x 10 5  bacterial cells from overnight cultures. When two species 
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were inoculated into batch or continuous culture, the total number of cells used was 
1 x 105, or 5 x 104  cells of each species. The triple species biofilms used consisted of 
EnGFP, KlebGl and Serr87b. It was found that stable integration of all 3 species 
only occurred when the amount of Serr87b was lower than the other 2 species. In 
equal ratios Serr87b outcompeted the other species, probably due to its high growth 
rate in liquid culture. The ratios inoculated into batch culture were thus 10:10:1 
(EntGFP: KlebGl: Serr87b). 
2.8.1 INVASION EXPERIMENTS 
The invasion of non-fluorescent bioflim monolayers by a second fluorescent partner 
was investigated using fluorimetry. The pairs of bacteria chosen interacted either 
competitively, cooperatively or neutrally. 100 p.1 aliquots of KlebGl or Serr87b 
overnight cultures were added to each well of a MTP and incubated at 30 °C for 
16 h. The liquid phase was removed and 100 pd overnight cultures of E. coliGFP or 
EnIGFP added and incubated at 30 T. At 60, 120, 240 min and 24 h, the excess 
liquid was removed, the wells washed once with PBS and 100 p.1 PBS added. The 
fluorescence was measured on a Perkin Elmer LS 50B fluonmeter. 
2.9 DISINFECTION 
Four proprietary disinfectants supplied by Unilever laboratories were used to assess 
the resistance of mixed and single species bioflims: hypochiorite based disinfectant; 
non-ionic detergent; amphoteric based disinfectant; quaternary ammonium 
compound. In addition, ethanol, hypochlorite and SDS were employed. 
2.9.1 MINIMUM INHIBITORY (MIC) AND MINIMUM BACTERICIDAL 
CONCENTRATIONS (MBC) OF DISINFECTANTS ON LIQUTh CULTURES 
Stock solutions of the antimicrobial solution to be tested were prepared and filter 
sterilised (0.45 p.m). 200 p.1 aliquots of the stock solution were dispensed into a row 
of wells in a microtitre plate (MTP). 100 p.1 aliquots of YE medium were dispensed 
into the adjacent 11 rows. 100 p.1 of the stock solution were introduced into the wells 
in the second row, effecting a two-fold dilution. This was repeated until the twelfth 
row, when 100 p.d was removed and discarded, to maintain a constant volume across 
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all the wells. An overnight suspension of the bacteria to be tested were standardised 
by adjusting the 0D 570 to 0.25, 50 p.1 of which was dispensed into each well. The 
plates were agitated at 200 rpm for 60 sec and the A 570 read on a Dynatech 5000 
plate reader. The plates were incubated for 24 h at 30 °C, agitated for 60 sec and the 
A570  read. The MIC concentration was taken as the lowest concentration of 
antimicrobial agent which prevented the development of turbidity in the samples. 
The MBC of the agent was assessed by removing a loopfiul from all the wells 
displaying no growth and streaking onto the surface of a YE plate. The plates were 
incubated at 30 °C for 48 h and the MBC was taken as the lowest concentration 
which lacked any surviving micro-organisms. 
2.9.2 BI0FILM ERADICATING CONCENTRATION (BEC) 
The BEC of various disinfectants against EntGFP in single and dual species bioflims 
was measured. The appropriate concentration of disinfectant was added to 24 h 
single or dual species bioflims in MTP and left at room temp. for 5 mm. The wells 
were rinsed once with PBS and replaced with 100 p.1 YE (+ glucose + arabinose). 
Any surviving micro-organisms in the biofilm could regrow into the liquid phase. 
Fluorescence measurements after 16 h incubation at 30 °C allowed EntGFP regrowth 
to be quantified. The BEC was taken as the lowest concentration of disinfectant to 
prevent any regrowth. 
2.9.3 ANTIBIOTICS 
Minimum Inhibitory Concentrations of Antibiotics on Bacterial Strains 
The strains to be tested were grown up overnight and bacterial lawns were prepared. 
Once the plates had been air dried for 2 h, Mastring discs (Mast laboratories Ltd, 
Merseyside, UK) were pressed gently onto the surface of each plate. After 24 h 
incubation at 30 °C, zones of inhibition could be measured. Raised areas around the 
inhibition zones indicated an increase in EPS production. 
Effects of Antibiotics on Biofilms 
The appropriate concentration of antibiotic was added to the growth medium and 
incubated at 30 °C for 16 h. Beads were removed, rinsed twice and viable counts 
obtained as previously described. 
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2.9.4 BAcTERIOPHAGE / BACTERIOPHAGE ENzYME 
The efficacy of bacteriophage and phage enzyme at bioflim removal / death was 
assessed in two ways. Viable counts were obtained after 5 -30 min treatment of 
biofilms grown on glass beads. Fluorescence measurements of EntGFP regrowth 
also allowed removal to be quantified. In addition, phage enzymes were used in 
conjunction with disinfectants to improve biofilm removal. Sequential treatment 
avoided problems of enzyme denaturation by the disinfectant. 
2.10 BACTERIOPHAGE ISOLATION 
Initial Preparation of Sewage 
Primary sewage effluent, obtained from various locations, was centrifuged for 20 mm 
at 10 000 rpm and the supernatant decanted. A large (47 mm diameter), pre-sterilised 
Millipore Filtration unit was used to filter the filter the supernatant into a Buchner 
flask. Syringe filter units were used for a second filtration before the enrichment 
procedure. Preliminary checks for phage presence were carried out by spotting onto 
bacterial lawns. 
Enrichment for Bacteriophage 
250 ml flasks containing 50 ml double strength YE medium were prewarmed at 
30 °C and an equal volume of filtered sewage added. 5 ml exponentially growing 
cells were also added and incubated for 12 h, with shaking. However, if definite 
clearing occurred after 6 h, indicative of high levels of bacteriophage, it was 
harvested at this stage avoiding possible excessive adsorption of viral particles onto 
bacterial debris. After overnight culture (or 6 h culture), it was centrifuged for 
20 min at 10 000 rpm and the supernatant retained. The supernatant was filtered into 
sterile 1 oz vials using sterile 25 mm filters, of 0.45 .tm porosity. 
Preparation of Bacterial Lawns 
YE agar plates were flooded with approximately 3 ml overnight bacterial culture, 
drained into a beaker and dried for 30 mm. The filtrate was spotted on carefully and 
the plates left for 30 min to allow the phage to soak in, then incubated at 30 °C 
overnight. Clearing may be visible after 3-4 h incubation. Some plaques were very 
small (<1mm) while phages which induce polysaccharase production are normally 
surrounded by haloes of decapsulated bacteria. 
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Assay for Phage Particles 
Phage particles (plaque forming units, PFUs) were enumerated by an agar overlay 
technique. The phage preparation was diluted in phage buffer, lOOp.d of the 
appropriate dilution was mixed with 3 ml 0.6 % molten YE agar and 200 p.l of 
bacteria which are sensitive to the phage (indicator bacteria).The agar was 
maintained in the molten state by keeping in a 46 °C waterbath. The mixture of 
phage, indicator bacteria and molten agar was then poured over the surface of an 
agar plate, and the plate rocked gently to distribute the mixture evenly over the 
surface as a thin layer. When the top layer had solidified, the plate was inverted and 
incubated overnight at 30 °C. The next day, plaques were visible as clear areas where 
the phage particles had lysed the bacteria. The number of plaques gives a direct assay 
of phage particles or plaque-forming units (PFUs). 
Phage Buffer 
Tris-HCIpH7.5 	50 m 
NaCl 	 100 mm 
MgSO4 .7H20 	 10 n1 
Gelatin 	 2 % (optional) 
Burst Time of Ph age 
100 ml YE was inoculated with 1 x 10 5  cells from an overnight culture. When the 
cells had reached exponential stage, bacteriophage was added and the A 600 
monitored. A sudden drop in turbidity indicated bacterial cell lysis and release of 
phage. 
2.11 PREPARATION OF PHAGE ENZYMES FREE OF LYTIC PHAGE 
The phage preparation was centrifuged at 10 000 x g and passed through a 0.45 p.m 
filter. A Vivaspin filter device (Vivascience Ltd, Lincoln, UK) with a 100 kDa cut off 
filter was used. 50 ml volumes were poured into each device and centrifuged at 
1000 rpm at 4 °C for several hours in a swingout head. The filtrate was recovered 
carefully and stored in aliquots in the freezer. Concentrated phage was also 
recovered from above the filter using a soft plastic tip at the end of a normal Gilson 
tip. The phage was filter sterilised and titrated as before. 
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2.11.1 ENZYME ASSAYS 
The presence and activity of the phage enzymes were investigated using the 
following assays: 
Reducing Sugar Assay (Park & Johnson, 1949) 
Solution 1 	0.05% Ferricyanide 
Solution 2 0.53% Na2CO3, 0.65 % KCN 
Solution 3 	0.15% FeNH4SO4, 0.1 g Triton x 100 in 0.05 N H2SO4 
To a 200 p.1 sample, 200 p.1 solution 2 was added, followed by 200 p.1 of solution 1. 
The samples were then boiled for 15 mm, cooled in ice/water and 1 ml of solution 3 
added. The absorbance was then measured at 690 nm. Glucose standards were 
included for comparison. 
Thiobarbituric acid Assay (Weissbach & Hurwitz, 1959) 
Solution A 25 mM periodic acid in 125mM H2SO4 
Solution B 2 % w/v sodium arsemte in 500 mM HCl 
Solution C 	0.3 % Thiobarbituric acid pH 2.85 
To a 100 p.1 sample, 125 p.1 of Solution A was added and the mixture left at room 
temperature for 10 mm. 250 p.1 of solution B was then added, vortexed and left at 
room temperature for 2 mm. 1 ml of solution C was then added and boiled for 10 
mm. The samples were then stored at 60 °C and the absorbance read at 549 nm. 
0-Nitrophenyl Sugars 
a-Glucose 	3-Glucose 
cc-Galactose 13-Galactose 
a-Mannose 3-Mannose 
3-Glucuronic Acid 
To 50 p.1 of each phage enzyme, 20 p.1 substrate (10 mM nitrophenyl sugar) was 
added and incubated overnight at 30 T. Yellow colour development indicated 
release of o-nitrophenol and was measured at 415 nm. 
Glucose Oxidase 
The amount of free glucose in the preparations was measured using the following 
reagent mixtures, standards of 0-6 p.g glucose were included and read at 415 nm: 
Glucose oxidase 0.5 mg m1 1 	 20 p.! 
Peroxidase 2 mg tnt 1 	 10 p.! 
2'2' azino-di (3-ethylbenylthiazolifle) 10 mg ml - ' 	150 p.1 
All made up in 50 mM TRIS buffer pH 7 	47041 
Sample 	 1-100p.l 
67 
2. MATERIALS AND METHODS 
2.12 EXTRACELLIJLAR POLYSACCHARIDES (EPS) 
2.12.1 ISOLATION AND PREPARATION 
Sufficient KlebGl EPS was isolated from bacteria grown in 5 x 2 1 flasks containing 
11 YE for 3 days at 30 °C. The cultures were centrifuged at 10 000 rpm for 30 mm 
and the supernatant mixed with 2 volumes of cold acetone. As EPS yields in shaken 
flask culture for En! and Serr87b were low, they were grown on solid YE Agar. 
They were harvested by scraping the surface of agar plates with a flame sterilised 
microscope slide. The resulting cells and polymers were put in a blender with 0.01 % 
formaldehyde and pulsed for 30 sec. They were centrifuged at 10 000 rpm for 30 mm 
and the supernatants decanted and mixed with 2 parts of cold acetone. The acetone 
was stirred vigorously with a glass rod and EPS precipitation occurred readily. The 
EPS was then redissolved (or resuspended) in distilled water, dialysed for 48 h and 
lyophilised. 
The KlebGl and Serr87b EPS were prepared for hydrolysis by dissolving and 
passing through a 400 mm x 30 mm column containing Amberlite mixed bed resin to 
purify it and remove any ions. En! EPS was insoluble so this step was not possible. 
The EPS were then freeze dried and hydrolysed by dissolving 20 mg of EPS in 0.5 ml 
of 0.5 N H2SO4 in a freeze drying tube. The tube was sealed, and held at 100 °C for 
12 h. The tube was opened and 0.5 ml de-ionised water added. The hydrolysate was 
neutralised using Amberlite 410 resin (HCO3 form) followed by Amberlite MBI 
mixed bed resin and evaporated. The EPS hydrolysate was redissolved in 200- 250 j.t 
1 of ion free water, centrifuged in a microfuge, passed through an HPLC filter, and 
stored at -20 °C till required. The EPS hydrolysates were used for analysis by paper 
chromatography and HPLC. 
2.12.2 EPS ANALYSIS 
Paper Chromatography 	 - 
The EPS hydrolysates were applied to paper chromatograms along with sugar 
standards (2 p.1 0.1 M) glucose, galactose, mannose, glucuronic acid, rhamnose and 
fricose. The chromatogram was run for 36 h in Butan-1-ol: pyridine: water (6:4:3). 
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The chromatograms were removed, dried and developed using the method of 
Trevalyan etal. (1950). 
Chromatogram Developing 
3 developing reagents were used in turn, the reagent was poured into a trough and 
the paper chromatogram drawn through the liquid then air dried between each stage. 
Reagent 1 
Acetone 	 200 ml 
Std.AgNO3 1.O ml 
DH20 	 0.5 ml 
Reagent 2 
NaOH 	 lOg 
H20 7.5 ml 
C2H5011 	 500 ml 
Reagent 3 
Sodium Thiosuiphate 0.5 % 
Na2S203 .5H20 	39.2 g 
DH20 	 500 ml 
Calculation of Monosaccharide Migration 
The distance of the centre of the glucose standard spot from the origin was 
measured. The other standards' movement could then be measured and compared to 
glucose. 
Rc,le 	distance of spot 
distance of glucose 
Thus, in the experimental samples, a value close to 1 was likely to be glucose. 
Uronic Acid Determination 
(Blumenkrantz & Asboe-Hanson, 1973) 
Solution 1 	12.5 mM sodium tetraborate in c.142SO4 
Solution 2 0.15 % m-hydroxyphenyl in 0.5 % NaOH 
In small glass test tubes, cooled with ice, 1.2 ml of solution 1 was added to 200 t.tL 
of sample. The tubes were vortexed and boiled for 5 mm. The samples were then 
allowed to cool and 20 ji.L of solution 2 was added, vortexed and the absorbance 
measured at 620 nm. A standard curve of glucuronic acid (0-20 p.g) was included. 
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Acetyl Determination 
Acetyl determination was carried out following the method of(Hestrin, 1949). 
Solution 1 	2 M hydroxylamine HC1 
Solution 2 3.5 MNaOH 
Solution 3 	conc. HCl diluted 1:2 with dH 20 
Solution 4 0.37 M FeC13 .6H20 in 0.1 M HCl 
Solution 5 	4 mM acetyl choline in 1 mM acetate buffer, pH 4.5 
To 200 p.1 sample, 400 p.1 freshly mixed solution I + solution 2 (1:1) were added, 
vortexed and left at room temp. for 2 mm. 200 p.1 solution 3 was added, vortexed, 
then 200 p.1 solution 4 added. Samples were read at 540 nm and 10-80 p.g acetyl 
choline standards (solution 5) were included. 
HPLC Analysis 
The neutral sugars in the hydrolysates were analysed on a Dionex HPLC, with a 
Carbopac PAl column and a pulsed amperometric detector (PAD) with post column 
addition of 0.5 M NaOH (flow rate 6 ml min - '). The runs were calibrated using 
external standards, with Dionex software (Al -450, V 3.2). 
2.12.3 BI0FILM EPS ISOLATION AND ANALYSIS 
Single and dual species biofilms of EnIGFP and KlebGl were grown up for 48 h in 
the circular chemostat on glass coverslips for 48 h. 3 x coverslips were removed, 
crushed in a 10 ml glass beaker and viable counts obtained. This also permitted the 
proportions of each species in dual species biofilms to be assessed. The other 
coverslips were removed, rinsed in dH 20 and sonicated for 10 mm. The liquid was 
centrifuged at 10 000 x g and dialysed for 48 h before lyophilising. Approximately 
10 mg of EPS was collected per 48 h chemostat run. The EPS were hydrolysed and 
analysed by I{PLC as previously described. Carbohydrate determination was carried 
out following the method of Dubois et al. (1956) as previously described. 
2.12.4 PROTECTION BY EPS 
Liquid Culture 
The protection afforded to bacterial cells by each type of EPS was investigated by 
preparing solutions (or suspensions) of the EPS and mixing with a bacterial culture in 
small diameter (15 mm) dialysis tubing. Controls were included of bacteria mixed 
with d1120. These were then placed into 250 ml flasks containing 100 ml of the 
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small diameter (15 mm) dialysis tubing. Controls were included of bacteria mixed 
with dH20. These were then placed into 250 ml flasks containing 100 ml of the 
appropriate concentration of disinfectant or antibiotic. Viable counts were then used 
to assess bacterial survival. 
Bioflim 
Increased EPS production was measured using total carbohydrate determination and 
achieved by using sub-M.ICs of antibiotics or high carbon, low nitrogen growth 
conditions. Viable counts were used to monitor any change in species composition in 
mixed biofilms. The resistance of bioflim cells exhibiting increased EPS production 
was investigated using BEC and viable count measurements as previously described. 
2.12.5 VISCOSITY CHANGES IN EPS 
The viscosity of solutions of EPS were measured on a LVTD digital viscometer 
(Brookfield, Stoughton, MA, USA). As En! EPS was insoluble in H20, dimethyl-
sulphoxide was used as the solvent for both KlebGl and En! EPS. KlebGl EPS was 
fully soluble in DMSO and En! EPS was partially soluble (0.8 mg m1 1). 2 ml volumes 
of each EPS were measured using a spindle speed of 60 rpm. 1 ml of both types of 
EPS were then mixed and the increase in viscosity measured over time. 
2.13 STATISTICS 
Standard Errors 
Where appropriate standard errors are included, and calculated as follows: 
Standard Deviation 2=EX2- 
	2 	 2 
= mean of x 
n 	 x 	= individual x values 
Standard Error = 	 n = nos. of samples 
Regression Analysis (Strength of Adhesion) 
The usefulness of a linefit is judged by the size of the correlation coefficient. 
+1 	= perfectly related 
-1 = perfectly related 
0 	= no relationship 
A correlation> 0.5 or < 0.5 suggests a significant correlation. Line fitting is also 
termed regression. Important factors in regression analysis are: 
a = the intercept on the y axis; f3 = the gradient of the line; r = regression I 
correlation coefficient 
71 
2. MATERIALS AND METHODS 
The following equations can be used to calculate the gradient of the line: 
y = a + ox 
where: = sum of 
13 = x' y1 -nu 	X' = individual values 
Ex i2 - 	 n = nos. of samples 
x = mean of x 
y= mean of y 
= individual values 
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3.1 INTRODUCTION 
In order to distinguish between similar species in a mixture, two different plasmid 
markers were introduced into En!, a lux bioluminescent plasmid and a plasmid 
encoding GFP. Lux plasmids reported on the viability of cells but were difficult to 
detect and single cell resolution was not possible. The main advantage of GFP over 
other markers was that it could be detected simply by UV illumination and required 
no substrates or cofactors for activity. This allowed the identification of different 
species within dual species biofilms by plate counts, microscopy and quantitative 
fluorescence measurements. 
3.2 GREEN FLUORESCENT PROTEIN 
As many of the newly developed methods involve the use of green fluorescent 
protein (GFP), plasmid maintenance, protein stability and fluorescence are of 
fundamental importance. 
3.2.1 PLAsMID STABILITY 
A plasmid is a self-replicating genetic element that confers traits non-essential for 
growth. The survival of a plasmid in a population depends on its ability to replicate 
within the host cell and subsequently pass into daughter cells. This can be influenced 
by host cell type and plasmid copy number. Usually, by including a gene encoding 
antibiotic resistance the plasmid can be selected for. In this system, plasmid 
maintenance in the absence of ampicillin selection is an important factor as the 
antibiotic may adversely affect the growth of the second species in mixed cultures. 
100 ml YE broth (without ampicillin) was inoculated with 1 x 10 ' EntGFP or 
E. coiiGFP cells and incubated, shaking at 30 °C for 24 h. 1 ml was then dispensed 
into fresh broth and incubated for a further 24 h. This was repeated for a total of 72 
h. At each time interval, samples were removed, serially diluted and plated out. Loss 
of the plasmid could be calculated by counting the non-fluorescent colonies. After 72 
h, 0.5 % of EnIGFP and 14 % of E. coiiGFP colonies had lost their plasmid. The 
plasmid was therefore more stable in En! than E. coil, perhaps because of a higher 
plasmid copy number, making it more suitable for long term bioflim investigations. 
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Most of the work has involved bioflims < 24 h, with maximum plasmid loss of 0.2 % 
(EnIGFP) and 4.5 % (E. coliGFP) 
A chemostat vessel was inoculated with EnGFP to further monitor plasmid 
stability (Table 2). Flow rate was altered to assess plasmid loss at different doubling 
times. Samples were taken after 3 residence times, (TR = 1/dilution rate) diluted and 
plated out. At higher values of i  (specific growth rate) the doubling time was 
reduced and plasmid loss over time increased. The growth rate was therefore kept as 
low as possible during biofilm experiments. For long term investigations, or for work 
in situ, the use of a chromosomal marker would be beneficial. 
Doubling Time (T2) (h) 	 % plasmid loss 
0.5 28.6 
2.5 21.8 
4.5 16.2 
6.5 12.2 
8.5 4.3 
10.5 0.5 
Table 2 - GFP plasmid loss from EntGFP grown in continuous culture and calculated using 
viable counts of non-fluorescent colonies. 
3.2.2 FLUORESCENCE MEASUREMENT 
A dual excitation, dual emission Perkin Elmer LS 50B fluorimeter was used to 
quantify GFP in samples. The excitation and emission wavelengths could be precisely 
adjusted and optimal settings of 395 and 510 nm respectively were used (Figure 
12). The emission wavelength had a peak value of fluorescence at 508 rim. Non-
specific molecules were excited as the excitation wavelength was varied, but a 
wavelength of 395 nm was selected according to molecular information. The 
sensitivity could be adjusted by altering the slit widths. Larger slit widths detect a 
greater amount of non-specific fluorescence (Table 3). The emission slit width had a 
greater effect on fluorescence than excitation slit width. In general, slit widths of 15 
(emission) and 10 (excitation) were used to maximise GFP detection. 
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Figure 12 - Effects of adjusting the a) excitation and b) emission wavelengths on 
fluorescence measurement of EntGFP cells, using a Perkin Elmer LS 50B fluorimeter. 
Excitation slit width 	Emission slit width 	Fluorescence (RFU) 
5 5 82 
10 5 75 
15 5 62 
20 5 56 
5 	 5 82 
5 10 328 
5 	 15 617 
5 20 615 
Table 3 - Effect of varying slit widths on GFP fluorescence, measured on a Perkin Elmer 
LS50B fluorimeter (excitation 395 nm, emission 508 nm). 
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Fluorescence measurements have been used to quantify the adhesion of EntGFP to 
other cells or cell components. Treatments to prevent adhesion have been valuable to 
investigate the mechanisms of such interactions. Cell numbers of both EntGFP and 
E. co11GFP could be correlated with fluorescence by comparison of viable counts 
and fluorimetry (Figure 13). There was a linear relationship between cell numbers 
and fluorescence. EntGFP had a higher fluorescence per cell than E. co1IGFP. This 
data could be used to estimate cell surface coverage within microtitre plate (MTP) 
wells. To confirm the higher GFP content of EntGFP cells, 109 cells of each species 
were lysed and total protein compared with unlabelled cells as controls. This showed 
EnIGFP produced 8.0 x 108 ig GFP cell 'and E. coliGFP 4.2 x 
108  .tg GFP cell- '. 
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Figure 13 - Correlation of a) EntGFP and b) E. coIIGFP cell numbers with fluorescence on 
a Perkin Elmer LS 50B (excitation 395 nm, emission 508 nm). 
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The control of the arabinose promoter on GFP expression was investigated 
by fluorimetry. 1 x 106  EntGFP cells were inoculated into 20 ml '/2 strength YE, in 
the presence or absence of arabinose. 150 .tl aliquots were dispensed into MTP 
wells, incubated statically at 30 °C and the fluorescence measured at appropriate time 
intervals (Figure 14). This showed arabmose had tight control of the promoter and 
should be included in the growth medium. 
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Figure 14 - Induction of GFP expression in EntGFP by arabinose. Fluorescence was 
measured on a Perkin Elmer LS 50B fluorimeter. 
3.2.3 VIABLE COUNTS 
Many of the mixed bioflim experiments involved viable counts, particularly 
investigations of disinfection. Colonies which had synthesised GFP could be 
identified in a mixture by UV illumination of the plates (Figure 15). This technique 
allowed the proportions of each species to be compared, without the use of selective 
media. 
3.2.4 STAINING FOR MICROSCOPIC EXAMINATION 
The spatial distribution of GFP labelled and unlabelled cells could be examined by 
microscopy. The bioflims were observed on a Polyvar microscope with tungsten bulb 
attachment (Reichert-jung, Austria) using a violet-blue excitation filter (395 - 446 
nn). By switching fluorescence on and off it was possible to determine individually 
fluorescing cells with clarity. For presentation purposes, various viable stains were 
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Figure 15 - UV illumination of a mixture of EntGFP and KIebGl, with EntGFP colonies 
fluorescing green. 
Figure 16 - Photos of a) EntGFP single species biofilm b) KJebGl single species biofilm 
stained with 25 tg m1 1 propidium iodide (Pt) and C) Dual species biofilm stained with P1. 
Detergent treatment and staining with Pt did not mask GFP fluorescence. Visualised on a 
Polyvar microscope with tungsten bulb attachment (Reichert-jung, Austria) using a violet 
blue excitation filter (395-446 nm). 
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tested as a counterstain for GFP with limited success. The stain eventually chosen 
was a non-viable stain, propidium iodide (P1). For effective staining of non-GFP 
containing cells, the whole bioflim was treated with a detergent prior to addition of 
25 j.tg m14  propidium iodide. The detergent, 10 mM cetyl pyridimium chloride, did 
not have a deleterious effect on GFP-containing cells and did not mask GFP 
fluorescence, allowing both GFP and non-GFP cells to be visualised simultaneously 
(Figure 16). This method was effective for examining spatial distribution of different 
species but gave no indication of cell viability. 
3.2.5 PROTEIN STABILITY 
To assess the effect of cell lysis on fluorescence, sphaeroplasts were prepared as 
outlined by Osborn et al. (1972). 
Reagents: 
750 MM Sucrose in 10 mM TRIS buffer pH 7.8 
1.5mM EDTApH7.5 
5 mg m14 Lysozyme 
200 	m HEPESpH7.6 
The cells were harvested by centrifugation at 10 000 g for 20 min at 4 °C. The pots 
were drained and the cells resuspended in 100 nil of cold (4 °C) sucrose solution. The 
sphaeroplasts were progressively broken by sonication for up to 4 mm and the 
fluorescence of sonicated samples was measured on a Perkin Elmer LS 50B 
fluorimeter (Figure 17). 
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Figure 17 - Effect of progressive cell lysis (1 -4 min sonication) on fluorescence readings 
overtime. Measured on a Perkin Elmer LS 50B fluonmeter. 
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10 min after sonication, increasing cell lysis did not result in a large differences in 
fluorescence. 30 min after sonication a larger decrease in fluorescence occurred, 
probably due to the release of intracellular proteases. This has important implications 
because fluorescence can only be related to the presence of GFP, not necessarily 
intact cells. Similarly, if cells are killed after synthesising GFP, they will still 
fluoresce. GFP cannot be used as a marker of viability, unlike lux bioluminescence 
based systems. However it has many advantages over lux: it requires no substrates or 
cofactors for activity; resolution within single cells is good; and it can be easily 
visualised. 
3.2.6 PH AND TEMPERATURE EFFECTS 
A crude extract of GFP was prepared by centrifuging an overnight culture of 
EnIGFP at 5 000 x g for 10 mm. The pellet was resuspended in 10 ml PBS, 50 p.l of 
a protease inhibitor (PMSF) were added and it was sonicated for 4 mm. It was 
recentrifliged at 15 000 x g for 20 min to remove membranes and other cell debris, 
resulting in a crude protein preparation. The protein was then used to investigate the 
effect of pH and temperature on denaturation and fluorescence (Figure 18). 20 p.1 of 
protein (1 mg ml) or whole cells were mixed with 80 p.1 of PBS at the appropriate 
pH and fluorescence determined. 
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Figure 18 - The effect of pH on intracellular and extracellular GFP denaturation. 
Fluorescence was measured on a Perkin Elmer LS 50B fluorimeter (excitation 395 nm, 
emission 508 nm). 
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This showed that GFP was more sensitive to low pH than to high pH, with maximum 
fluorescence at pH 8- 10. In whole cells, the effect of pH was muted, although low 
pH still had a significant influence. The protein was also quite thermostable, with no 
significant reduction in fluorescence at 60 °C. 
3.2.7 MEASUREMENT OF BIOFILM ERADICATING (BEC) CONCENTRATIONS 
Although GFP icould not be used as a marker of viability, the point at which all 
bioflim cells were killed by a disinfectant could be ascertained. Biofilms were grown 
in MTP and after 5 min disinfectant treatment, the wells were rinsed and replaced 
with nutrient-rich medium. Any remaining viable cells would then regrow into the 
liquid phase above the biofilm and could be measured by fluorescence. The 
concentration of disinfectant which just prevented any regrowth could be termed the 
biofilm eradicating concentration (BEC). As this method relied on fluorescence 
measurement, only the BEC of the fluorescent partner in a mixture could be 
determined. The resistance of EntGFP in dual and single species bioflims was 
compared in this way. 
3.3 KLEBGJ ADHESION 
In addition to measuring EntGFP adhesion using fluorescence, a method was 
developed to enable the adhesion of non-fluorescent strains to be quantified. The 
technique relied on their ability to regrow into the nutrient-rich liquid phase above 
the bioflim. To prevent regrowth of the base species (eg. EntGFP) it was killed using 
UV irradiation for 120 min prior to KlebGJ addition. The measurement of regrowth 
was largely dependent on that species growth rate. Turbidity needed to be measured 
before stationary phase was reached, to enable differences in initial cell numbers to 
be quantified. For KlebGl, stationary phase plateau was not reached after 12 h, so 
low numbers could still be quantified. For E. co1IGFP, with a faster growth rate, 
turbidity should be read earlier. Bioflim regrowth (or adhering cells) were measured 
by regrowth after various attachment times also (Figure 19). This revealed that 
KlebGl adhesion was proportional to regrowth and could be measured using 
turbidity on a Dynatech 5000 plate reader. This method was used largely to measure 
the adhesion of KlebGl to En1GFP, following various treatments to determine the 
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nature of the interactions. It was also used to assess the coaggregative properties of 
other strains and mutants. 
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Figure 19 - KIebGl adhesion to EntGFP following various attachment times. Measured on 
a Dynatech MR5000 plate reader at 570 nm after 0, 2, 4 and 24 h regrowth. 
3.4 BI0FILM EPS 
3.4.1 ISOLATION 
One problem with the investigation of bioflim EPS was the difficulty in obtaining 
large enough quantities for analysis. A method of bioflim bPS isolation was 
developed to allow mg quantities of biofilm EPS to be obtained. Bioffims were 
grown in batch culture in 250 ml flasks containing 50 g glass beads. After 24-48 h 
growth, beads were removed from each flask and viable counts obtained to 
determine the proportions of each species. The bioflim cells and EPS were harvested 
by rinsing the beads 3 times in PBS, then vortexing vigorously in PBS. The cells and 
EPS were centrifuged at 10 000 x g for 15 mm, dialysed, recentriluiged and 
lyophilised. Approximately 50 mg EPS was isolated from 250 g glass beads. 
3.4.2 ANALYSIS 
The EPS isolated from mixed biofilms was used to calculate the amount of EPS 
derived from each species. This was determined in two ways, the first was specific 
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for the two species used, relying on the composition of the monosaccharide 
constituents. KlebGl contained mannose in addition to other monosaccharide 
constituents also possessed by EntGFP. HPLC analysis of the bioffim EPS 
hydrolysates allowed the amount of mannose to be accurately quantified and the 
proportion of each type of EPS to be quantified. 
The second method involved the use of specific polysaccharide 
depolymerases isolated from Ent specific bacteriophage. Enzyme degradation of Ent 
EPS was compared with mixed bioflim EPS using reducing sugar assays. The 
amount of reducing sugar released at each time interval allowed the proportion of 
EPS degraded in the mixed bioflim EPS to be quantified. The development of this 
technique was only possible because of the ability to isolate relatively large quantities 
of biofilm EPS. 
3.5 BIOFILM GROWTH 
3.5.1 GLASS BEADS 
This method was developed to overcome problems with other biofllm batch culture 
methods such as: difficulty in adequate replication; contamination; and large standard 
errors. The surface area of each 3.97 mm (+1-0.01) diameter glass bead was 
calculated as 49.6 mm2  The small surface area of each bead required less dilution 
and resulted in smaller standard errors, 2 % as opposed to 10 % for coverslips. The 
vortexing process to remove biofilm bacteria was more reproducible than crushing 
techniques for glass coverslips. In addition, the beads could be rinsed and treated 
separately very easily. This method also proved to be the most reliable method for 
disinfectant treatment. The only limitation was that the beads were unsuitable for 
microscopy. 
3.5.2 MIcROTITRE PLATES (MTP) 
Many of the adhesion studies used biofilins grown in MTP. The hydrophobicity of 
the surface undoubtedly affected biofilm formation. Experiments on bioflims grown 
on plastic coverslips showed lower surface coverage than on glass, but dual species 
bioflims still showed enhanced growth and the specific interactions were unaffected 
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by the nature of the substratum. Calibrations demonstrated that 24h KiebGl bioflims 
contained 5 x 106  CFU per well and 24 h EntGFP bioflims 8 x 
106  CFU per well. 
3.6 DISCUSSION 
The use of GFP provided a convenient technique to distinguish between species in 
mixed species biofllms. The plasmid encoding GFP introduced into E. coli and Ent 
was stable in the absence of ampicillin selection, with 0.2 % loss from Ent but higher 
loss (4.5 %) from E. coil in 24 h. Ent produced twice as much GFP per cell as E. coil 
which may reflect different plasmid copy numbers in the two strains. The expression 
of GFP was under the tight control of an arabinose promoter and maximal expression 
was achieved by including 0.5 % arabinose in the growth medium. 
GFP could be detected following viable counts by UV illumination of the 
plates. Fluorescence settings of 508 nm (emission) and 395 nm (excitation) allowed 
quantitative detection of GFP. Slit widths of 10 and 15 were chosen to minimise 
detection of cell auto-fluorescence. Good single cell resolution was achieved using a 
Polyvar microscope with tungsten bulb attachment and illuminating samples with 
light of 395 - 446 nm. Other non-fluorescent species could then be counterstained 
with propidium iodide. As GFP did not indicate cell viability, the bioflims were pre-
treated with a detergent to allow successful penetration of propidium iodide and 
effective counterstaining. The GFP was very stable, it could not be used to measure 
viability but could be used to measure adhesion and, following a regrowth period, 
biofllm eradicating concentrations of disinfectants could be assessed. 
Another technique was developed to measure the adhesion of non-fluorescent 
strains which allowed both sides of the interactions between species to be 
investigated. This relied on the ability of adhering cells to regrow into the liquid 
phase above the biofilm. The suitable period of regrowth varied depending on the 
growth rates of the species involved. Other techniques developed involved the use of 
glass beads as a substratum for bioflim growth. For experiments using viable counts, 
glass beads were ideal because of their small surface area, ease of replication and 
ease of separation. This method also allowed the isolation of relatively large 
quantities of bioffim EPS, which permitted their further analysis. 
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These methods were used to investigate the effects of different 
enterobacterial species on each other and the consequences for bioflim formation and 
resistance. 
CHAPTER 4 
MIXED SPECIES BIOFILM FORMATION 
4. MIXED SPECIES BI0FILM FORMATION 
4.1 INTRODUCTION 
Most natural and industrial bioflims contain more than one microbial species. The 
effects of different species on one another can have a profound influence on bioflim 
formation. Diversity in microbial communities may lead to a variety of complex 
relationships involving interspecies and intraspecies interactions. Although 
interactions between organisms within plaque have been comprehensively studied 
and found to be both beneficial and antagonistic (Marsh, 1995; Whittaker et al., 
1996; Hasty et al., 1992; Bos et al., 1996), other systems have received little 
attention. Here, the influence of interspecies interactions on bioflim development 
between environmentally ubiquitous strains will be discussed. Dual species systems 
are simple enough to allow in situ speciation and have been investigated most 
extensively, but triple species bioflims have also received some attention. We will 
concentrate on the differences between single and mixed species biofilm formation 
and the proportions of cells within dual /triple species biofllms. 
The adhesion of one bacterial species may have a negative, positive or neutral 
influence on the adhesion of another. A relationship of synergism between two 
microbial populations indicates both populations benefit from the relationship, but 
the association is not obligatory (unlike mutualism). In a commensal interaction, one 
population benefits while the other is unaffected. Cometabolism, where one species 
oxidises a substrate to produce a second substrate which can only be utilised by 
another species is often the basis for various commensal relationships. The concept 
of neutralism implies a lack of interaction between two microbial populations. It is 
more likely between microbial populations with different metabolic capabilities. 
Because it is a negative proposition, it is difficult to demonstrate a total lack of 
interaction between two populations. Thus examples of neutralism describe 
interactions which are of minimal importance. Neutralism may occur between 
microbial populations which are spatially distant from one another. Competition 
represents a negative relationship between two populations in which both 
populations are adversely affected with respect to survival and growth. The species 
may have lower densities or growth rates than they would in the absence of 
competition. It occurs where two populations use the same resource, whether space 
or a limiting nutrient. Competition tends to bring about ecological separation of 
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closely related populations. Amensalism (antagonism) occurs when micro-organisms 
produce substances toxic to competing populations to achieve a competitive 
advantage. Two different populations may exhibit different interactions under 
different conditions, such as nutrient deprivation. In addition, interactions may be 
more complex, requiring definition in more than one category. For example, one 
species may have a positive influence on another but suffer a negative influence in 
return. The spatial distribution of cells within different mixtures may indicate the type 
of interactions occurring. Interactions between different species may play a major 
role in controlling succession of biofilm communities. 
4.2 IDENTIFICATION OF INTERESTING PARTNERSHIPS. 
The species investigated in this study are all members of the Enterobacteriaceae; 
three were isolated from an industrial biofilm and identified as Enterobacter 
aggiomerans (Ent or EnIGFP), Kiebsielia pneumoniae Gi (KlebGl) and Serratia 
marcescens 87b (Serr87b). Another strain, Escherichia coil ATCC 11442 (E. coil or 
E. coliGFP), was also used as it is commonly used for industrial disinfection trials. 
The bacteria show between 60 and 70 % genetic relatedness with Ent and KlebGl 
the most closely related and Serr87b and Ent the most distant. The presence of 
enteric bacterial species in industrial environments may present considerable 
problems of hygiene and monitoring. This is accentuated when the bacteria are 
present in bioflims because of their increased resistance to disinfection. The 
interactions between these species were compared and correlated with increased or 
decreased biofilm formation. The growth rates may influence interactions between 
pairs. The organisms were cultured in Yeast Extract (YE) medium (Sutherland & 
Wilkinson, 1965). The strains had doubling times (td) of 90 min KlebGl; 75 mm 
EntGFP; 60 min Serr87b; and 55 min E. coliGFP. td = ln2/t.t. 
Preliminary investigations of bioflim protein biomass in single and dual 
species biofilms were compared to find out which species interacted. Differentiation 
between species was not carried out at this point. The Biorad bioassay (Bradford 
1976) was used to measure biomass which allowed a larger variety of partnerships to 
be screened. The bioflims were grown on glass coverslips in box batch culture 
systems, sonicated for 5 min and the amount of protein determined (Figure 20). 
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Figure 20 - Protein biomass of single and dual species bioflims over 8 h. Bioflims were 
grown in batch culture systems on glass coverslips, removed by 5 min sonication and 
protein measured using the Biorad bioassay (Bradford 1976). Results are presented as j.tg 
protein coverslip 1  and were the mean of 3 replicates, bars represent SE. 
In single species bioflims, Serr87b generally showed higher bioffim biomass followed 
by KlebGJ and Ent. KlebGl and Ent showed higher bioflim biomass in dual species 
bioflims, greater than the sum of KlebGl and Ent in single species. This indicated 
some cooperation or synergy between these two species. KlebGJ and Serr87b in 
dual species bioflims showed lower biomass than either individually, suggesting 
competition or even antagonism. Similarly, Serr87b and Ent exhibited lower bioflim 
biomass in dual species biofilms, particularly at 2 and 4 h. At 6 and 8 h, the biomass 
was the same as Serr87b single species bioflims, perhaps because Serr87b had 
outcompeted Ent. This information was also examined using viable counts of 
bioflims grown on glass coverslips in box batch culture systems (Figure 21). 
The results showed that despite slower growth in liquid culture, strain 
KlebGl generally showed faster attachment and bioffim development than Ent. Strain 
Serr87b exhibited lower initial attachment but faster bioflim development. Serr87b 
showed a larger variation in coverage, with larger standard errors, perhaps due to the 
early development of microcolonies. Again, the most significant detail was that Ent 
and KlebGl exhibited synergistic interactions, with the mixed bioflim showing 
greater attachment and growth than either of the individual components alone. 
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Figure 21 - Single, dual and triple species bioflim development over 24 h. Biofllms were 
grown in batch culture systems on glass coverslips, viable counts were obtained and the 
bars represent SE, n = 3. 
4.3 COOPERATION 
To confirm the protein biomass and viable count data, congo red staining was used. 
It is presented as photographs from a video/data processor (Figure 22). Microscopic 
examination of surface coverage showed that cell numbers were much higher in dual 
species bioflims of KlebGJ and Ent than in either single species bioflim. After 4 h 
KlebGl and Ent showed sparse attachment, whereas the mixed biofilm was showing 
almost double the coverage and beginning to develop microcolonies. After 24 h 
KlebGl and Ent showed improved attachment and growth, with KlebGl forming the 
occasional microcolony. The mixed species bioflim however, exhibited considerably 
more growth with the frequent development of large micocolonies, some of which 
converged. This supported the initial findings that KlebGJ and Ent interact 
cooperatively (or synergistically). Although this microscopic examination 
demonstrated increased surface coverage, it did not reveal the spatial distribution of 
the pair. Therefore, biofilms containing GFP-labelled Ent cells (EntGFP) were 
examined (Figure 23). This showed that the two species weie uuvii Iuv1y 
associated and touching within the microcolonies. This may suggest that surface 
associated macromolecules form the basis of their interactions. 
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Figure 22 - Surface coverage of Ent and KIebGl single and dual species biofilms over 24 
h. Photographs were obtained following congo-red staining (Allison & Sutherland, 1987) 
using an Olympus microscope, video and data processor. All views are representative 
areas of biofllms grown on glass coverslips in box batch culture systems. 
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Figure 23 - Microcolonies of a 16 h cooperative dual species bioflim of 
EntGFP and 
KIebGl. Biofilms were grown on glass coverslips, treated with 10 mM cetyl pyridinium 
chloride (5 mm) and 25 4g ml 1  propidium iodide (5 mm) before visualising on a Polyvar 
microscope with a tungsten bulb attachment and violet blue excitation filter (395 - 446 nm). 
EntGFP cells appeared green (or yellow) and KIebGl cells appeared red under UV 
illumination Bars represent 2 jim. 
The introduction of GFP as a specific labelling technique also allowed the 
proportion of each cell type to be examined by UV illumination of the plates 
following viable counts. Single and dual species biofilm formation between KIebGl 
and EnIGFP was thus monitored by viable counts over 24 h (Figure 24). A total 
inoculum of I x 10 5  cells m1' of one species or a 1:1 mixture of the two organisms 
was used. The biofilms were grown on glass beads in batch culture. 
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Figure 24 - Comparison of K!ebGl and EnGFP single and dual species biofllm 
development on glass beads using viable counts. EntGFP accounted for between 50 and 
65% of the mixed biofilm. Both species growth was enhanced in the mixed biofilm. Bars 
represent standard errors (SE), where n = 4. 
Growth at each time interval in the mixed bioflim was greater than the sum of 
EntGFP and KlebGl growth in the single species bioflims. EnIGFP accounted for 
between 50 and 65 % of the total cell numbers. EnIGFP comprised slightly more 
cells than KlebGl in mixed species biofllms even though it showed poorer 
attachment in single species bioflims. 
4.3.1 MIXED LIQUID CULTURE 
To investigate if this feature was unique to biofilm systems, growth in mixed liquid 
culture was measured. To examine whether the 2 species affected each others' 
growth in liquid culture, viable counts of both species in isolation and together were 
obtained (Figure 25). The mixed KlebGl and EnIGFP liquid culture growth 
characteristics lay within the boundaries of each species in isolation and indicated 
there was little (or no) effect of one species on the other in liquid culture. Therefore 
dual species bioflims of KlebGl and EntGFP showed increased adherence despite no 
concurrent increase in growth in the liquid phase of the batch culture system. 
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Figure 25 - Growth of EntGFP and K!ebGl 
in single and mixed liquid culture. Viable 
counts were obtained and EntGFP colonies were identified in a mixture by UV illumination 
of the plates. Each point was the mean of 3 replicates and the bars represent SE. 
4.3.2 SUBSTRATUM 
To examine if interactions between species were affected by the nature of the 
substratum, 3 materials were compared, each with differing surface hydrophobicity. 
Their hydrophobicity was measured using contact angles (Van der Mci etal., 1991): 
ys = surface energy(*) 	 7s =(cosO 
+ 1)2 YL 
cose = contact angle of non-polar liquid 	 4 
yL = constant for non-polar liquid (44.6 °for bromo-napthalene) 
The surface energy was calculated as 33.5 for glass, 41.1 for stainless steel and 43.6 
for plastic. Therefore the hydrophobicity of plastic> stainless steel > glass. Bioflim 
formation on different surfaces were compared in batch culture systems using 
coverslips (plastic and glass) and discs (stainless steel). Viable counts were obtained 
after vortexing or crushing (glass coverslips) (Figure 26). 
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Figure 26 - EntGFP and KJebGl single species (a and b respectively) and dual species 
(C) 
bioflim development over 24 h on plastic 0, glass Li and metals surfaces. Results are 
presented as surface coverage mm -2  following viable counts. All samples were the mean of 
3 replicates. 
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Both single species bioflims and the dual species bioflim showed greatest attachment 
to glass, and poorest attachment to plastic surfaces. On all three surfaces the viable 
counts of the dual species bioflims were greater than for either single species biofilm. 
This suggested that the nature of the substratum does not adversely influence 
interspecies interactions. This has important implications for experiments using 
bioflims grown on microtitre plates (MTP), such as the adhesion experiments. As the 
increased growth in mixed species bioflims was still observed on plastic surfaces, this 
suggests that the interactions were not adversely influenced by the nature of the 
substrata tested. 
4.3.3 PHYSIOLOGICAL STATUS 
Two methods were used to assess the metabolic activity of single and dual species 
bioflims: glucose oxidase assays and reduction of a tetrazolium salt. The glucose 
oxidase assay was used to measure the amount of free glucose; the change of glucose 
over time could then be calculated. The bioflims were grown on glass beads and the 
amount of glucose in the liquid phase measured (Figure 27). Glucose uptake was 
greater in dual species biofilms than either single species bioflim and this effect was 
greater than the sum of glucose uptake in single species bioflims in 2 and 4 h 
samples. 
All respiring micro-organisms possess an active electron transport system 
(ETS). ETS activity can be measured by the ability to reduce an indicator under 
defined conditions. Tetrazolium salts such as 2(piodophenyl)-3-(p-nitrophenYl)-5-
phenyl tetrazolium chloride (1NT) are commonly used as ETS indicators. When 
reduced, INT forms a water-insoluble red salt, iodomtrotetrazolium formazan (INT-
formazan), within the cell. Red forma.zan deposits have been used to distinguish 
between respiring and non-respiring aquatic bacteria using light microscopy 
(Zimmerman, 1978). INT-formazan can also be measured on a spectrophotometer at 
480 nm. A standard curve of INT-formazan and absorbance is shown in Figure 28. 
To measure the metabolic activity per cell more accurately in single and dual 
species biofilms, they were assessed for their ability to reduce INT to INT formazan 
in 24 h (Table 4). This revealed that the activity of dual species biofilms was higher 
than either single species biofilm, but the activity per cell was lower. Together the 
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two species may exploit nutrient resources more effectively but each cell has reduced 
activity. This strategy may permit higher surface coverage and more rapid bioflim 
establishment. 
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Figure 27 - Initial investigation of glucose uptake by single and dual species biofilms grown 
on glass beads in batch culture. Glucose oxidase assays were used and the results are 
presented as change of glucose (big ml -1). 
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Figure 28 - Standard curve of INT-formazan verses absorbance (480 nm). 
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CFU x 10 	A0 .tg 1NT-formazafl INT-formazan cell' 
KlebGl 	4.2 	0.370 	43.0 	
1.0 x 10 
EnIGFP 	4.3 	0.323 	37.6 	
8.7 x 10 
Mixed 	20.1 	0.470 	54.6 	
2.7x10 
Table 4 - Metabolic activity of EnfGFP and KIebGl 
single and dual species bioflims, 
measured using reduction of INT-formazan. 
4.3.4 STRENGTH OF ADHESION 
In addition to the enhanced accumulation and metabolic activity of the mixed species 
bioflim, other physical properties may differ from monospecies bioflims. The strength 
of adhesion of single and dual species bioflims was measured according to the 
method of Eginton etal. (1996), using bioflims grown on glass batch culture systems 
(Figure 29). If the two species did not interact, the removal exponent (k) of the dual 
species biofllm would be expected to lie between the k values of the single species 
bioflims. The gradient (removal exponent) of the mixed bioflim did not lie between 
the two monospecies biofllm gradients, the gradient was less steep indicating 
stronger attachment. The strength of attachment of the mixture was approximately 
twice that of the Ent single species biofllm and three times that of the 
KlebGl single 
species bioffim. This implied that the two species profoundly influenced attachment 
of each other, even at an early stage (15 mm), resulting in improved strength of 
adhesion. So not only was biofllm formation improved for dual species biofllms, but 
the cells were more strongly attached. This is unlikely to be due to increased EPS 
production because of the short time span involved, although stabilising interactions 
between the two types of EPS may alter their physical properties. The interactions 
could increase the strength of attachment not only to each other but to the surface 
and form a more stable complex. Alternatively, one species could alter the 
conditioning film and increase the adhesion of the second species. 
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Figure 29 - Strength of attachment of K!ebGl and Ent 
single and dual species biofllms 
following a 15 min attachment period. Bars represent SE. Mixed A k = - 0.097; Ent• k = - 
0.178; K!ebGl U k = - 0.279. 
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Figure 30 - Strength of attachment of K!ebGl and Ent 
single and dual species biofilms 
following a 2 h attachment period. Bars represent SE. Mixed 
A k = - 0.176; Ent 9 k = - 
0.092; KIebGl U k = -0.24. 
However, after a 2 h attachment period, although the strength of attachment 
of both single species bioflims had increased, the strength of dual species attachment 
now lay between the two single species bioflims (Figure 30). This could reflect 
improved attachment of all bioflims due to the production of EPS, so equal strength 
of attachment occurred in both single and mixed species bioflims. 
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4.3.5 BIOFILM DEVELOPMENT 
Differences between young and older bioflims may occur when the effects of 
interactions are overtaken by other factors, such as nutrient deprivation. To 
investigate if the interactions lead to any advantages for older bioflim development, 
under conditions of nutrient exhaustion, bioflims were grown for extended periods. 
Single and dual species biofllms were grown on glass beads for up to 96 h in batch 
culture (Figure 31) 
300 
250 
E 200 
- 150 
100 
50 
0 
24 	48 	72 	96 
Bioflim Age (h) 
Figure 31 - Dual and single species biofllm development over 96 Ft on glass beads. 
Results are presented as viable counts. All samples were the mean of 3 replicates and the 
bars represent SE. 
After 48 h growth, the cell numbers were still higher in dual species biofilms, but not 
to the same extent as in 24 h bioflims. After 72 h only slightly more growth had 
occurred than in 48 h biofllms, probably due to the onset of nutrient exhaustion. The 
numbers for mixed species were still higher than single species but were not greater 
than the sum of Ent and KlebGl in single species bioflims. 
4.4 COMPETITION 
The initial biomass measurements indicated that Ent and Serr87b competed. Other 
work suggested that E.co1IGFP and KlebGJ also showed competitive interactions. 
The pairs, consisting of one fluorescent and one non-fluorescent partner, were 
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investigated by viable counts of bioflims grown on glass beads (Figure 32). UV 
illumination of the plates allowed the proportion of each cell type to be measured. 
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Figure 32 - Comparison of dual and single species biofllm development on glass beads by 
a) E. coIiGFP + KIebGl and by b) EntGFP + Serr87b. Results presented as viable counts 
cm 2 ; all samples were the mean of 4 replicates and the bars represent SE. 
102 
4. MIXED SPECIES BIOFILM FORMATION 
Both EntGFP + Serr87b and E. co11GFP + KlebGl 
showed competitive interactions. 
Serr87b outcompeted EnIGFP, with EntGFP 
comprising a maximum 14.7 % of the 
bioflim. E. coliGFP outcompeted KlebGl, with 
KlebGl comprising between 0.6 and 
3.1 % of the biofilm. Dominance within dual species biofilms was probably due to the 
strains higher growth rates, allowing them to exploit the nutrient resources earlier. 
To determine whether the competitive partners, E. coliGFP and Serr87b, 
produced 
bacteriocins (antagonism), the supernatants were tested for growth inhibition of 
KlebGl and EnIGFP 
respectively. The cells were grown in transparent MTP and the 
absorbance measured after incubation with supernatants from the other strain. 
Supernatants from the same strain were used as controls, as production of waste 
products may also inhibit growth. There was no evidence that either species 
produced growth inhibitors as growth remained unchanged and 
cross-streaking on 
agar plates had no effect. 
4.5 NEUTRALITY 
Dual and single species biofilm formation between E. co11GFP and Serr87b 
was also 
examined by viable counts over 24 h (Figure 33). 
This showed that cell numbers 
were the same whether the two species were grown in isolation or together. 
Therefore, they had no effect on one another, or no detectable effect. This may result 
from similar growth rates, utilisation of different substrates or lack of competition for 
the substratum. Alternatively there may be competition, but with no observable 
dominance. The rapid loss of the plasmid from E. coI1GFP 
complicates 
interpretation, as after 24 h approximately 5 % of cells would have lost the plasmid. 
Microscopic examination showed that when in dual species biofilms, the cells of the 
two species were often spatially distant, tending to grow in individual microcolonies 
(see Figure 34). This argued against specific surface interactions occurring in this 
mixture. 
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Figure 33 - Comparison of dual and single species biofBm development on glass beads by 
E. co!IGFP + Serr87b. Results are presented as viable counts cm 2 , all samples were the 
mean of 4 replicates and the bars represent SE. 
Figure 34 - Microcolonies of a 24 h neutral dual species bioflim of 
E. coIiGFP and Serr87b. 
Bioflims were grown on glass coverslips, treated with 10 mM cetyl pyndinium chloride (5 
mm) and 25 .tg ml-1  propidium iodide (5 mm) before visualising on a Polyvar microscope 
with a tungsten bulb attachment and violet blue excitation filter (395-446 nm). Bar 
represents 1 }.m. 
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4.6 INVASION 
Incorporation of a second species into existing bioflims was examined. If one species 
can invade a bioflim of another species, this would lend it an evolutionary advantage, 
allowing exploitation of new environments. The different interactions between 
species (cooperation, competition and neutrality) may affect their ability to conquer 
pre-existing bioflims. Thus, interspecies interactions may affect community 
development. Invasion into pre-existing bioflims was measured in 2 ways: 
quantitative fluorescence measurements; and viable counts. Incorporation of the 
fluorescent strains into bioflims of their non-fluorescent partner was quantified after 
various time intervals (Figure 35), adhesion to blank wells were used as controls. 
E. coliGFP was better at binding to blank wells than EntGFP. In batch culture the 
mixtures KlebGl + E. coliGFP and Serr87b + EntGFP competed for the substratum. 
E. co11GFP outcompeted KlebGl and excluded it from the bioflim and Serr87b 
outcompeted EntGFP. During invasion, EntGFP was incorporated at lower levels 
into Serr87b monolayers, representing on average 19 % of the cells bound to blank 
wells. E. co1IGFP did not invade biofilms of Serr87b or KlebGl very successfully, 
although it adhered slightly better to KlebGl monolayers. This showed that 
E. coliGFP did not compete as effectively once a monolayer of KlebGl was already 
established. Similarly, Ent did not integrate as well into Serr87b bioflims, although 
some cells did invade. Normally, Serr87b would outcompete EntGFP. By contrast, 
in the cooperative associations between KlebGl and EntGFP, EntGFP invaded the 
monolayer slowly and steadily with numbers almost as high (or higher at 24 h) as for 
uncolonised surfaces. This demonstrated that invasion was not simply dependent on 
biofllm forming ability, but was affected by the type of interaction. Cooperative 
associations may invade due to specific mechanisms of attachment. 
This was confirmed using viable counts. KlebGl was added to 24 h EntGFP 
monolayers. After 2 h KlebGl represented 6.1 % (+/_ 1.1 where n = 3) of the total, 
after 4 h 16.1 % (+1- 2.1) of the total and after 24 h 30 % (+1- 1.5). When EntGFP 
was added to KlebGl monolayers, it represented 20 % (+1- 0.6 %) of the total after 
24 h. Therefore both species could successfully invade monolayers of their partner. It 
also showed that KlebGl invaded EntGFP single species bioflims better, perhaps 
indicating that KlebGl binds specifically to EnIGFP rather than vice versa. When 
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E. coil was added to EntGFP or KiebGl monolayers, it outcompeted them, 
however, it could not outcompete cooperative dual species bioflims in the same time 
period. So together these species may resist environmental change and have a more 
competitive edge in combination. 
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Figure 35 - Invasion of a) E. co!1GFP and b) EntGFP into pre-existing monolayers of 
KIebGl and Serr87b. Fluorescence was measured on a Perkin Elmer LS 50B fluorimeter. 
Bars represent SE where n = 96. 
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4.7 TRIPLE SPECIES BIOFILMS 
To find out the effect of incorporating another species into cooperative dual species 
bioflims a third species, Serr87b, was added. A lower inoculum was used (1/10 or 
iø CFU mr) to prevent competition and dominance due to its faster growth rate in 
liquid culture. To investigate if the third species would be able to incorporate into the 
bioffim and whether this may affect the stability of the bioflim, viable counts of triple 
species biofilms were obtained (Figure 36). 
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Figure 36 - Triple species biofilm development, measured using viable counts following 
growth on glass beads, inoculated with KIebGl, EntGFP and Serr87b in the ratio 1:1: 0.1. 
All samples were the mean of 3 replicates. 
As two of the strains were non-fluorescent they could not be distinguished between. 
It was therefore possible that all the non-fluorescent colonies were Serr87b but 
unlikely as it would then be able to out-compete EnIGFP. It appeared that Serr87b 
mainly replaced KlebGl, with EntGFP numbers remaining the same as in dual 
species bioflims. This showed En! and KlebGJ were more competitive when together 
because either separately would have been out-competed by Serr87b. The growth of 
EntGFP and KlebGl were impaired when proportions of 1:1:1 were used. However, 
when proportions of 1:1: 0.1 were used, all three integrated stably. The stability of 
these triple species biofilms meant the effects of disinfection could be followed. 
107 
4. MIXED SPECIES BIOFILM FORMATION 
4.8 DiSCUSSION 
Growth in single species biofilms was greatest for Serr87b, followed by E. coliGFP, 
KlebGl and EntGFP. This was affected by both the rate of attachment and growth 
rate. In dual species biofllms, growth and attachment differed from single species 
bioffims, depending on the species involved. Dual species bioflims of KlebGl and 
EntGFP showed increased adherence and growth when compared with single species 
bioflims, EntGFP showed a 54 % increase and KlebGl a 23 % increase in 24 h dual 
species biofllms. The cooperation could be the result of specific adhesion 
mechanisms increasing their attachment. This correlates with another study on dual 
species biofllms containing Salmonella enteritidis and Klebsiella pneumoniae, which 
also showed synergistic biofllm formation, with increased attachment and metabolic 
activity (Jones & Bradshaw, 1997). 
The increased growth was shown to occur only in the biofllm mode of 
growth. This may suggest that the close proximity was important for the interactions. 
Alternatively, it could suggest that the unique physiology of bacteria in biofllms was 
important. Increased attachment of these dual species bioflims was demonstrated on 
three different surfaces: glass; plastic; and metal. This showed that the interactions 
were unaffected by the nature of the substratum. Therefore, species composition is 
the most important factor influencing interspecies interactions and suggests that 
growth on coverslips, beads or plastic microtitre plates will have a minimal influence 
on bacterial interactions. In older biofilms, the effect of the initial interactions was 
muted and other factors became more important, such as nutrient limitation. Even 
after 96 h, growth in cooperative dual species biofilms was still marginally higher 
than in single species. Therefore, these interactions were beneficial to both species 
and lead to improved biofilm development. Other physical properties of cooperative 
biofllms were also demonstrated. It appeared that the cells within dual species 
biofilms had a combined higher metabolic activity than either of the single species 
biofilms. This may result from specific interspecies signalling. Perhaps only one 
species substantially increased its metabolic activity in dual species biofilms, while the 
other species remained unaffected. These biofllms also showed increased strength of 
attachment at an early stage, suggesting that the interactions stabilise attachment to 
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each other and to the substratum. This may be mediated by interactions between the 
two types of EPS. 
E. coliGFP and Serr87b did not affect the attachment or growth of each 
other, cell numbers were the same whether or not the other partner was present. 
They did not compete and this could indicate that they have separate binding sites or 
mechanisms of attachment. Stewart el al. (1997) have also reported a system where 
Kiebsiella pneumoniae and Pseudomonas aeruginosa stably coexisted in bioflims 
despite differing growth rates under planktonic conditions. As Serr87b + E. co11GFP 
formed biofilms in equal numbers, irrespective of whether the other was present, they 
interacted "neutrally" but formed stable bioflims which could be tested with 
disinfectants and compared with cooperative dual species bioflims. E. coliGFP and 
Serr87b mainly formed discrete microcolonies in neutral dual species bioflims. If 
species are spatially distant, they may still communicate through mediation by sigma 
factors. 
Both E. coliGFP & KlebGJ and Serr87b & EntGFP showed competitive 
interactions. The resultant bioflims were dominated by the best competitor of the 
pair. If one species can initially outcompete another species, then it could exploit that 
particular micro-environment. The competition was probably due to the faster 
growth rates of E. coliGFP and Serr87b rather than the production of growth 
inhibitors such as bacteriocins. When a monolayer of the one strain was already 
present, the competitive partners showed poor integration into the bioflim. By 
contrast, where cooperative associations between species occurred, bacteria could 
more easily invade a monolayer of their partner. This suggests that cooperation is 
beneficial in terms of invasion. Invasion would not necessarily exclude all other 
species, which can be beneficial, but may help initial establishment. If a bacterial 
species possesses the ability to adhere specifically to another species it could gain a 
foothold in a new environment, enhancing its survival, if the cooperation is 
beneficial, it could in turn help its partner. 
Microscopic examination revealed that EntGFP and KlebGl were often 
closely associated in microcolonies. The close proximity suggested that surface 
associated macromolecules formed the basis of the interactions. Such close 
associations may be necessary if the strains communicate by touch promoters. This 
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may involve adhesins and receptors on the surface of one or both species. Both 
KlebGl and EnIGFP appeared to contribute to the beneficial partnership and the 
specific interactions were investigated in more detail. 
110 
CHAPTER 5 
NATURE OF INTERACTIONS 
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5. NATURE OF INTERACTIONS 
5.1 INTRODUCTION 
EntGFP and KlebGl interacted cooperatively; they adhered specifically to each other 
or coaggregated. The cooperation led to increased adhesion and enhanced bioflim 
formation and the bases of these interactions were investigated. The development of 
methods to quantify EntGFP adhesion were particularly useful to assess 
coaggregation and coadhesion between the two species and also allowed the 
quantification of inhibition of adhesion. A method was also developed to quantify the 
adhesion of non-fluorescent strains, such as KlebGl, which allowed the role of both 
strains to be assessed. In addition, the use of mutants which had altered adhesion 
properties were useful tools. The role of EPS in coaggregation was investigated 
using a specific bacteriophage enzyme to degrade one type of EPS and also by 
comparison with an EPS-deficient mutant. 
The mechanisms responsible for coaggregation may be specific, non-specific, 
or a combination of the two. Specific mechanisms may involve adhesin-receptor 
interactions and non-specific mechanisms may include EPS and hydrophobicity. The 
expression of specific adhesins may vary greatly depending on the phase in the 
growth cycle and other physiological factors, such as nutrient conditions. Only one 
species may adhere specifically, or both species may possess adhesins specific for cell 
surface components of the other. Microscopic examination showed that EnGFP and 
KlebGJ were often closely associated within the microcolonies, suggesting that 
surface-associated macromolecules formed the basis of the interactions. Molecules 
which may be involved include: protein, LPS, glycoproteins and EPS. The nature of 
the competitive interactions were not investigated further because they were 
dominated by only 1 species of the pair. If the dominant member possessed specific 
adhesins to help in competition, this would afford an advantage for invasion. This 
was shown not to be the case. Serr87b and E. co11GFP, which interacted neutrally, 
were also not examined further but the species were unlikely to interact specifically 
because of their spatial separation within biofilms. However, they may have 
communicated using signalling molecules such as homoserine lactones. 
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5.2 COAGGREGATION 
In a bioflim, micro-organisms are in close proximity to one another, and may interact 
as a consequence. Coaggregation describes the aggregation of two bacterial species 
and results from cell-cell recognition between distinct partners. Agglutination 
describes the aggregation of cells, often eukaryotic cells such yeast or red blood cells 
with bacteria. Agglutination may be caused by molecules such as lectins either on the 
surface of prokaryotic cells or in solution. Coaggregation and agglutination may 
reveal information about the nature of the bacterial surface. Preliminary 
investigations of coaggregation between the bacterial strains in suspension and 
agglutination of yeast was measured by mixing 0.1 ml of one bacterial species (013 600 
1.0) with 0.1 ml yeast or other bacterial strain in plastic agglutination plates and any 
aggregation recorded (Table 5). Where a positive agglutination response was 
observed, sugar haptens were used to attempt to inhibit the reaction. This method 
provided qualitative data and gave an indication of some possible interactions. 
Yeast 	KIebGl 	Serr87b 	Ent 	E. coli 
KlebGl 	+ 	 - 	 + 	 + 	 + 
Ent - +. - - - 
Serr87b 	+ 	+ 	- 	 - 	 - 
E.coii + + - - - 
Table 5 - Agglutination of Saccharomyces cerevisiae by bacterial strains and 
coaggregation with other bacterial strains. + indicates positive agglutination/coaggregation, 
- indicates no agglutination or coaggregation. 
KlebGl agglutinated yeast strongly, but only when grown on solid media and was 
inhibited by yeast mannan or a-D-mannopyranoside. It also coaggregated with 7 out 
of the 13 bioflim strains originally investigated (all Enterobacteriaceae), including 
Ent, Ent53b, Serr87b and E. coli. KlebGl also exhibited auto-agglutination, 
particularly in aged (72 h) cultures. This provided a tool for the isolation of 
coaggregation mutants. Ent did not agglutinate yeast but coaggregated with KlebGI. 
Serr87b agglutinated yeast very strongly and was inhibited by yeast cell mannan. 
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E. coli agglutinated yeast and this was inhibited by 1)-glucose or N-acetyl-D-
glucosamine. 
The sugar inhibition studies yielded some information about the nature of the 
bacterial cell surfaces. The cell wall of Saccharomyces cerevisiae contains glucans, 
mannans, chitin and proteins. It was likely that KlebGl and Serr87b agglutination 
was due to the bacteria interacting with the mannan components of the yeast cell 
walls. This may suggest that KlebGl and Serr87b possessed mannan binding proteins 
as lectins and/or Type I fimbriae. Sonic disruption of the bacterial cells increased 
yeast agglutination. This may be because the coaggregating molecules were exposed 
by disruption, perhaps because they were usually masked by EPS, or some 
intracellular agglutinins were present. The supernatants from the bacterial cultures 
did not cause any coaggregation, which suggested that the bacteria did not produce 
soluble agglutinins under the conditions tested. 
5.2.1 COAGGREGATION OF MUTANTS 
Older KlebGl cultures showed autoagglutination and coaggregation mutants were 
isolated by repeated subculture. These mutants consistently showed 
autoagglutination earlier in liquid culture. Autoagglutination probably involved 
changes to the outer surface of the bacterial cell; such phenotypic changes may affect 
their coaggregation properties which are also mediated by their outer surface. 
Increased autoagglutination may indicate increased expression of proteins involved in 
coaggregation. Alternatively, other properties, such as hydrophobicity or altered LPS 
may be involved. The adhesion of EntGFP to KlebGl or the coaggregation mutant, 
KlebGJ cog, was measured using fluorescence and the adhesion of KlebGl/cog to 
EnIGFP was measured using absorbance (Table 6). KlebGl cog showed 19 % 
higher coaggregation with EntGFP than KlebGl. The altered autoagglutination 
properties of the coaggregation mutant clearly affected its attachment to EntGFP. 
KlebGl cog may express more adhesins, or have altered/ additional adhesins or other 
factors, such as hydrophobicity may be involved. There was no significant difference 
when EntGFP was the actively adhering partner as it adhered equally well to both 
KlebGl and KlebGl cog. This suggested the coaggregation mutant was similar 
enough to KlebGl that EntGFP recognition and specific binding still occurred. 
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Bacterial Strain 	Adhesion to EntGFP Adhesion of EntGFP 
(A570) (RFU) 
KlebGl 	 30 min attachment 
0.712 (0.005) 113.7 
60 min attachment 
0.74 (0.006) 196.13 
KlebGl cog 	30 min attachment 
0.746 (0.012) 108.9 
60 min attachment 
0.820 (0.014) 198.4 
Table 6 - Comparison of adhesion (coaggregation) of KIebGl and KIebGl cog with 
EntGFP. Adhesion of EntGFP to the 2 strains was measured using fluorescence on a 
Perkin Elmer LS 50B fluorimeter. Adhesion of the 2 strains to EntGFP was measured by 
absorbance on a Beckman MR 5000 at 570 nm. SE in brackets, where n = 84. 
5.2.2 OTHER FACTORS AFFECTING COAGGREGATLON 
The cell surface hydrophobicity may affect adhesion non-specifically. It may indicate 
differential expression of cell surface proteins such as pili which are extremely 
hydrophobic or altered EPS /production of EPS. Hydrophobicity was measured in 
two ways. The salt agglutination test (Doyle & Rosenberg, 1995) involved mixing 
each bacterial suspension with a 2 M solution of ammonium sulphate; hydrophobic 
species agglutinated, whereas hydrophilic species did not. This showed that KiebGl 
and Ent were more highly hydrophobic than Serr87b or E. coil. Secondly, cell 
surface hydrophobicity was measured quantitatively using xylene partitioning (Table 
7). 
Bacteria 	Start A550 	End A550 	+1- SE 	% into Xylene 
En! 0.940 0.452 0.016 48.8 
EntD 1.00 0.761 0.060 23.9 
KlebGl 0.925 0.676 0.023 24.9 
KiebGlcog 0.956 0.692 0.020 27.6 
Serr87b 1.00 0.940 0.007 6.0 
E. coil 1.05 0.926 0.021 7.4 
Table 7 - Hydrophobicity of bacterial strains measured by xylene partitioning. SE are 
indicated and were the mean of 4 replicates. 
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The hydrophobicity of Ent > KlebGl (cog) > EntD > E. co/i > Serr87b. The variance 
between all strains could be due to differences in the EPS or LPS or the presence of 
other components, such as pili. KlebGl and KlebGl cog had very similar 
hydrophobicity. The hydrophobicity of Ent and EntD showed considerable 
differences which suggested that the presence of EPS significantly influenced 
hydrophobicity. 
Growth on liquid or solid surfaces may affect coaggregation properties due to 
the differential expression of pili, differences in the EPS or surface hydrophobicity. 
These factors may also vary with stage in the growth cycle. Some species may 
produce soluble agglutinins which may agglutinate cells even when not in close 
proximity. 
5.2.3 RADIOACTIVE NrFROCELLULOSE MEMBRANE ASSAY 
To measure the amount of coaggregation more accurately, before the introduction of 
GFP, a radioactive coaggregation assay based on the method described by Lamont & 
Rosan (1990) was used. One species was radiolabelled with 14C glucose, the second 
(unlabelled species) was attached to a nitrocellulose membrane by filtration. The 
adhesion of the labelled strain could then be quantified at different time intervals and 
coaggregation calculated. Two control groups and 1 experimental group were used: 
membrane + strain 1 + radiolabelled strain (experimental); naked membrane + 
radiolabelled strain (control 1); membrane + strain 1 + radioactive YE (control 2). 
The approximate numbers of bacteria adhering to naked nitrocellulose were 
calibrated using standard curves of radioactivity and absorbance (Table 8). Serr87b 
adhered best to naked nitrocellulose, Ent and KlebGl adhered approximately 20 % 
less well. This complicated analysis and needed to be taken into account when 
calculating coaggregation. The amount of radioactively labelled cells adhering to 
base blots of their unlabelled partners was examined (Figure 37). 
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cpm 	kBq 	SE 	Cell numbers 
KlebGl 	345 	21.8 	1.0 	9.0x iø 
En! 	384 	24.3 	1.2 	5.5x10 7 
Serr87b 	534 	33.7 	2.2 	2.4 x 108 
Table 8 - Amount of radioactively labelled cells adhering to naked nitrocellulose 
membranes, following labelling with 14C glucose and calculated following calibration of 
radioactivity per cell for each strain. 
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Figure 37 - Radioactive coaggregation assay to quantify coadhesion between three 
bacterial species. Results are presented as amount of radioactively labelled cells adhering 
to base blot after 30 min incubation. * indicates radioactive partner. Bars represent SE 
where n = 16. 
KlebGl and Ent showed the highest coaggregation which was 21 % higher when Ent 
was radiola1èlled, or actively adhering. This suggested that Ent possessed specific 
mechanisms for coaggregation. En! + Serr87b and KlebGJ + Serr87b showed some 
coaggregation, perhaps by an indirect mechanism whereby one species altered the 
conditioning film or masked the nitrocellulose hydrophobicity. Sugar inhibition of the 
coaggregation showed that with Ent as the base blot, glucose was the best inhibitor 
of KlebGl coaggregation (18 %), followed by galactose, mannose, N-acetyl- 
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glucosamine and cc-methyl mannoside. With KlebGJ as the base blot, mannose was 
the best inhibitor. Em may possess Type 1 pili which are inhibited by mannose and 
KlebGl may possess adhesins that are inhibited by glucose. Alternatively one species 
may possess more than 1 type of pili. Therefore, the coaggregation between KlebGl 
and Ent may involve more than one mechanism. 
5.2.4 FLUORESCENCE 
The implementation of GFP superseded radioactive methods and could be used to 
quantify the adhesion of EntGFP to other cells or cell components. Stationary phase 
KlebGl cells were used to condition microtitre plates (MTP) and the adhesion of 
EntGFP cells was measured by quantitative fluorescence on a Labtech Biolite Fl 
fluorimeter (Figure 38). 
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Figure 38 - The effect of conditioning MTP surfaces with • K!ebGl or 0 Ent cells on 
EntGFP attachment, measured on a Labtech Biolite Fl fluonmeter. 
EntGFP bound consistently better to KlebGl than to En!, supporting the idea that 
Ent possessed specific mechanisms for adhesion. 
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5.2.5 ABSORBANCE 
The development of a method to quantify the adhesion of KlebGl to EntGFP 
allowed examination of KlebGl coaggregation (Table 9). KlebGl adhered better to 
monolayers of EnIGFP than to monolayers of the same species, by 
27 %. KlebGl 
bound 19 % better to EntGFP when grown on solid plates than when grown in liquid 
culture. As KlebGJ showed increased EPS production in liquid culture, the 
decreased adhesion may have been due to EPS masking its adhesins. Alternatively, 
the mode of growth may have affected the expression of adhesins. 
Monolayer 	A570 	 % adhesion 
KlebGl liquid culture EnIGFP 0.775 (0.041) 108 
KlebGl solid culture EntGFP 0.828 (0.032) 127 
KlebGl solid culture KlebGJ 0.652 (0.028) 100 
Table 9 - Coaggregation of KIebGl to EnfGFP following 60 min attachment time, 
measured using absorbance on a Beckman MR 5000. SE where n = 96. 
5.3 MECHANISMS OF ADHESION OF ENTGFP TO KLEBG1 
To determine the mechanisms of coaggregation and coadhesion of EntGFP, the 
fluorescence of EntGFP adhesion to various cell components and inhibition of 
adhesion was measured. To investigate the role of EPS as a receptor in dual species 
biofllms and whether they were involved in the interactions, the adhesion of En(GFP 
cells to Ent and KlebGl EPS were measured (Table 10). EPS from Ent and KlebGl 
were dried on to the surface of MTP. The amount of carbohydrate bound to each 
well was calculated using an adaptation of the phenol-sulphuric assay for total 
carbohydrates (Dubois et al., 1956). The adhesion to Ent EPS grown in liquid 
culture (EntL EPS) and on solid media (EntS EPS) was also compared. 
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EPS Amount of EPS bound per well 	Fluorescence of adhering EnIGFP cells 
.tg Carbohydrate 	Relative Fluorescence Units (RFU) tg GIc 
EnIS 	1.72 (SE 0.05) 46.0 (SE 0.35) 
EntL 4.72 (SE 0.07) 24.8 (SE 0.42) 
KlebGl 	1.56 (SE 0.09) 62.8 (SE 0.26) 
Table 10 - EntGFP attachment to KIebGl and Ent 
EPS was measured using a Perkin 
Elmer LS50B fuorimeter. Ent S = Ent EPS grown on solid media; Ent L 
= Ent EPS grown 
in liquid culture. SE where n = 96. 
EntGFP bound maximally to KlebGl EPS, followed by En! S EPS and least to 
En! L 
EPS. EntGFP bound to KlebGl EPS when no other cell constituents were present. 
EntGFP may possess specific adhesins which bind to KlebGl EPS. To 
further 
investigate which other components were important in the interactions between 
KlebGl and EnIGFP, treatments to prevent adhesion were used. The reduction in 
adhesion was measured by fluorescence of adhering EntGFP cells (Table 11). 
Inhibitor or treatment 
	 % reduction 	SE 
Phage depolymerase 	 39 	 4.1 
Protease (Bromelain) 	 46.3 	 8.0 
Sequential depolymerase then protease 	50.2 	 6.1 
Mannose 	 0 	 - 
EDTA 100 p.g mi' (60 mm) 	 15.2 	 1.4 
Table 11 - Effect of treatments on the adhesion of EntGFP to KIebGl, measured by 
fluorescence, using a Perkin Elmer LS 50B fluorimeter. SE where n = 84. 
To examine whether En! EPS contributed to the interactions, EntGFP cells were 
treated with a polysaccharide depolymerase isolated from Ent specific bacteriophage. 
The preparation had a specific activity of 3.78 x 10 i mol glucose h' mg protein' 
and 60 min treatment caused a 39 % (+1- 4.1 %) reduction in adhesion. It appeared 
that degrading the EPS did have a significant effect on coaggregation and adhesion. 
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This may suggest Ent EPS also acted as a receptor and the decreased adhesion 
resulted from altering the receptor binding sites. Alternatively, it may have resulted 
from changing the physical properties of the EPS and decreased non-specific 
adhesion. Polysaccharase treatment did not appear to unmask receptors or reveal 
underlying pili / lectins. 
The activity of the protease was measured using azoalbumin. Unhydrolysed 
a.zoalbumin was precipitated after the incubation period using trichloroacetic acid. 
The absorbance of the hydrolysed substrate was then measured on a 
spectrophotometer. 30 min treatment with Bromelain (activity 103 units tg protein - ' 
h 1 ) caused an almost 50 % reduction in adhesion. Therefore, the interactions 
between KlebGl and EntGFP must be at least partially protein dependent. One or 
both species could possess adhesins on pili or as outer membrane proteins. 
Sequential treatment with depolymerase then protease caused a 10 % (+1- 6.1%) 
greater reduction in adhesion than either treatment alone, perhaps because the 
depolymerase removed the EPS sufficiently for the protease to act or because both 
protein and EPS were directly involved in coadhesion. This showed that both 
carbohydrate and protein components were important in the adhesion of EntGFP to 
KlebGJ. 
Addition of mannose (100 p.g m1') for between 5 and 60 min caused no 
significant reduction in adhesion. Therefore, either the adhesins involved in this 
coaggregation were not mannose specific, or the adhesins were hidden, perhaps by 
EPS. The effect of ion sequestration using EDTA was measured. 30 min treatment 
with 100 .tg m1' EDTA caused a 10 % reduction in attachment of En1GFP to 
KlebGl monolayers. Disrupting the ionic balance may influence the physical 
properties affecting coadhesion. 
5.4 MECHANISMS OF ADHESION OF KLEBG1 TO ENTGFP 
To investigate the other side of the interactions, KlebGl adhesion to Ent cell 
components and inhibition of adhesion was measured using absorbance. The 
adhesion of KlebGl to EPS from Ent and KlebGl was measured in transparent MTP 
as previously described. Adhesion to Ent EPS (A5700.74 +1- 0.008) was 16 % better 
than adhesion to KlebGl EPS (0.62 +1- 0.007). This may suggest that KlebGl also 
121 
5. NATURE OF INTERACTIONS 
possessed adhesins specific for the En! EPS. Alternatively, the physical properties of 
En! EPS may alter the conditioning film. Both types of EPS therefore led to 
increased adherence by the other species, suggesting both species possessed adhesins 
specific for the others EPS. As before, various treatments were used to inhibit the 
adhesion of KlebGl to En! (Table 12). The activity of the commercial 
polysaccharase mixtures used were tested using cellulose azure. 
Inhibitor or treatment 	 % reduction 	 SE 
Cellulase T.V. 22.3 1.1 
Driselase 10.1 1.2 
Increased EPS production -22.0 1.3 
Protease (on solid cultures) 10.6 0.34 
Mannose 5.0 0.6 
Table 12 - Effect of treatments on the adhesion of KIebGl to EntGFP, measured by 
absorbance following 16 h regrowth on a Dynatecti MR 5000 plate reader. SE where n = 
84. 
Of the polysaccharases tested, cellulase TV and driselase caused the highest 
reduction in adhesion of KlebGl to EnIGFP of 22 and 10 % respectively. This 
suggested KlebGl EPS was important in coadhesion either as a receptor or through 
its physical properties. High carbon (glucose) levels were used to increase EPS 
production by En! monolayers. The increased EPS production was measured by 
viable counts and a total carbohydrate assay. Increased EPS production by Ent 
caused a 22 % increase in adhesion of KlebGl to it. This may be because the physical 
properties En! EPS were particularly important for coadhesion. By contrast, when 
EPS production of KlebGl monolayers was increased, the adhesion of EntGFP to it 
was reduced, perhaps because the adhesive proteins were obscured. 
Protease treatment of KlebGl grown on solid culture, caused a 10 % 
reduction of adhesion to EntGFP. Protease treatment of KlebGl grown in liquid 
culture did not inhibit adhesion to EntGFP. It is possible that the increased EPS 
production demonstrated in KlebGl liquid culture also obscured the adhesive 
proteins. Mannose caused a small reduction in adhesion to EntGFP, so one or both 
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species may possess mannose specific adhesins. As this only caused a small reduction 
in adhesion, other mechanisms must also be important. 
5.5 ISOLATION AND ANALYSIS OF ADHESIVE PROTEINS 
Protease treatment of both species led to a decrease in coaggregation with their 
partner, proteins were therefore important in their specific interactions. Both types 
of EPS appeared to act as receptors to adhesins. It was of interest to see if the 
protein adhesins involved in the interactions could be identified. The OMP of the 
coaggregation mutant of KlebGl, which showed significantly increased 
coaggregation to EnIGFP, were compared with KlebGl OW. 
Different fractions of outer membrane proteins were prepared by various 
methods. Total membrane preparations were prepared by breaking the cells using a 
French press followed by ultracentrifligation. The membrane fraction was then re-
dissolved in 0.2 % SDS. Other samples of 'outer' membrane proteins, obtained by 
sphaeroplasting and solubiisation in SDS, were also used for comparison. To isolate 
potential outer membrane adhesive proteins/ pili, a method was used which involved 
vortexing. A direct link between protein removal by vortexing and decreased 
coaggregation was demonstrated (Figure 39). 
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Figure 39 - Reduction in adhesion of KIebGl and KIebGl cog to EntGFP monolayers after 
vortexing for up to 12 % mm, measured by absorbance on a Dynatech MR 5000 plate 
reader. Reduction in adhesion of EntGFP to K!ebGl monolayers after vortexing was 
measured on a Perkin Elmer LS 50B fluonmeter. Bars represent SE, where n = 84. 
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Both KlebGl and KlebGl cog showed approximately 25 % reduction in adhesion 
after vortexing for 12 '/2 mm. KlebGl cog showed a faster reduction in adhesion 
following vortexing, perhaps because the pili (or adhesive proteins) were more 
dense. Ent showed consistently lower reduction in adhesion than KlebGJ or KlebGl 
cog following vortexing, with approximately 15% reduction after 12 1/2min. In all 
strains, removal of protein by vortexing was demonstrated to cause a reduction in 
coadhesion. Therefore, the proteins removed by vortexing were important for 
coaggregation and were analysed by SDS-PAGE on 10 % denaturing gels and 
stained with coomassie blue (Figure 40). 
Both KlebGl and KlebGl cog possessed 36-45 kDa proteins (Figure 40) 
which could be removed by vortexing and which may cause the reduction in adhesion 
of both strains to En!. Alternatively, the extra 2 protein bands (around 60 kDa) 
observed in KlebGl cog may be involved in its increased coaggregation properties. 
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Figure 40 - SDS-PAGE analysis of adhesive proteins removed by vortexing. Carried out 
on 10 % denaturing gels and stained with coomassie blue. The following protein markers 
were used: bovine albumin 66 kDa; ovalbumin 45 kDa; Glyceraldehyde-3-phosphate 
dehydrogenase 36 kDa; carbonic anhydrase 29 kDa; trypsinogen 24 kDa; trypsin inhibitor 
20.1 kDa; lactalbumin 14.2 kDa. 
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5.6 DiscussioN 
When there are more than one microbial species present, a variety of specific 
interactions between them may occur which differ from interactions between cells of 
the same species. Many bacteria possess proteinaceous adhesins on their surfaces 
which bind in a stereochemically specific manner to complementary molecules or 
receptors, on the surface of other bacterial cells of the same or different species 
(James et al., 1995). Adhesins are often lectins which bind to monosaccharide or 
carbohydrate receptors on the surface of other cells or substrata. Specific binding 
through lectin / polysaccharide interactions may be involved but equally, non-specific 
binding by polysaccharides at interfaces may be important (Neu & Marshall, 1990). 
The physical properties of the EPS may influence hydrophobicity and consequently 
coaggregation. Hydrophilic strains may mask the substratum hydrophobicity, 
encouraging coadherence of other strains and hydrophobic cells may adhere more 
successfully to hydrophilic substrata. Bacterial species may also communicate by 
diffusible signals such as homoserine lactones. This may increase growth and 
attachment in dual species biofilms by controlling the expression of the genes 
encoding adhesive proteins for example. 
As KiebGl showed agglutination of yeast and coaggregation with most of the 
strains tested, it was likely to possess at least one type of adhesin, possibly more. 
Although Serr87b and E. coil also agglutinated yeast, this may be through different 
adhesins as the sugars which inhibited agglutination differed from KiebGl. The 
agglutination of S. cerevisiae cells by KiebGJ was inhibited by mannose which 
suggested it possessed mannose specific adhesins. However, inhibition of specific 
adhesion to EntGFP using mannose caused only a small reduction in adhesion. The 
coaggregation of KiebGl and Ent, with KlebGl as the actively adhering partner was 
inhibited most strongly by glucose, so different adhesins may be involved in 
agglutination of yeast and coaggregation with EntGFP. This suggested KlebGl may 
possess more than one type of adhesin, only one of which was mannose-specific. 
The mutant KiebGl cog showed increased coaggregation with EntGFP 
which may indicate changes in the outer surface, EPS /LPS or expression of higher 
amounts of adhesive proteins. Similarities between KiebGl and KiebGl cog 
hydrophobicity suggested they did not differ significantly in EPS (or EPS 
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production) or LPS. Their similarity may also indicate that the expression of 
adhesive proteins/ pili was not increased in KlebGI cog, as its hydrophobicity would 
then be increased. However, the adhesive proteins components in KlebGl cog may 
be slightly different to those in KlebGl, increasing their adhesion to EntGFP. 
EPS production may affect adhesion specifically, acting as a receptor, or non-
specifically because of its physical properties and effect on cell surface 
hydrophobicity. To investigate the role of EPS in non-specific adhesion, Ent and an 
EPS deficient mutant, EntD, were compared. EntD had a much lower hydrophobicity 
(because EPS production was lower) than Ent, but showed only slightly lower 
coaggregation to KlebGl. This may suggest that EntD, although it was deficient in 
EPS still had the necessary structures for coaggregation. The physical properties of 
the EPS were important because when removed using phage enzyme, adhesion 
decreased and when production was increased using altered C:N, adhesion increased. 
High levels of EPS could alter the conditioning film and indirectly affect the adhesion 
of another species. 
Qualitative coaggregation studies and the radioactive coaggregation assay 
showed that Ent and KlebGl adhered better to each other than to other strains. This 
was confirmed using fluorescence to measure the adhesion of EntGFP and 
absorbance to measure the adhesion of KlebGJ. EntGFP could adhere to KlebGl 
EPS when no other cell constituents were present and vice versa. This suggested that 
both species were capable of coaggregation to the other species, therefore both may 
possess specific adhesion mechanisms. The inhibition studies showed that in EntGFP 
adhesion, protein was the most important component, followed by EPS. Protease 
treatment of EnIGFP decreased its adhesion to KlebGl by around 50 %. This may be 
because Ent produced more protein adhesins, they may play a more important role in 
adhesion, or the protease degraded these proteins more effectively. Sequential 
treatment with phage enzyme then protease caused a greater reduction in EntGFP 
adhesion which may be because the adhesins were partially obscured by EPS. Protein 
was less important in KlebGJ adhesion and protease inhibition was better when the 
bacteria were grown on solid media. This could suggest that KlebGl adhesive 
proteins were less densely distributed or obscured more by EPS. 
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The adhesive proteins of Ent, KlebGl and KlebGl cog were removed by 
vortexing, correlated with decreased coaggregation and analysed by SDS-PAGE. 
Both KlebGl and KlebGl cog had bands at 36-45 kDa which may be adhesive 
proteins and act as receptors to Ent EPS. KlebGl cog also had an additional two 
proteins of around 60 kDa which may be responsible for its increased coaggregation. 
As EPS production varies between stages in the growth cycle and 
composition and structure also vary between species, this could influence cell surface 
hydrophobicity and consequently coaggregation. Physiological changes in the bioflim 
mode of growth may also affect EPS production and protein expression, so bioflim 
cells may have a greater propensity to interact than planktonic cells. This would be 
compounded by the close proximity of cells within biofllms. The specific interactions 
between EnIGFP and KlebGl altered biofilm formation and biofilm properties such 
as strength of adhesion and metabolic activity. These interactions may also further 
influence the resistance of dual species biofilms. 
128 
CHAPTER 6 
RESISTANCE OF MIXED SPECIES 
BIOFILMS 
129 
6. RESISTANCE OF MIXED SPECIES BIOFILMS 
6.1 INTRODUCTION 
Bioflims have been shown to have substantially increased resistance to disinfectants 
and antibiotics compared to their planktonic counterparts and this is partly why 
biofllms have been extensively studied. Increased resistance by a mixed species 
bioflim has been reported by Buonon & Cerf (1996). If mixed species bioflims have 
additional resistance compared to single species bioffims, it would be insufficient to 
test dosing procedures against single species bioflims. This would have important 
implications for all situations where the removal of problematic biofilms is necessary. 
As cooperative associations between EntGFP and KlebGl led to increased biofilm 
accumulation and altered bioflim properties, the interactions may also affect their 
resistance to disinfection and antibiotic treatment. The aim was to investigate 
whether different species affected the resistance of another and whether this 
benefited one or both species. 
Three methods of measuring the efficacy of disinfection were used. One was 
to determine the minimum inhibitory concentration (M1IC), which was the minimum 
concentration of disinfectant needed to prevent bacterial growth. The MIIC was 
measured in MTP by measuring the concentration of biocide necessary to just 
prevent the development of turbidity. The second was to determine the minimum 
bactericidal concentration (MBC), which was the minimum concentration of 
disinfectant required to kill all the bacteria in suspension. Thirdly the bioflim-
eradicating concentration (BEC) was determined, which was the minimum 
concentration of the disinfectant needed to eradicate a biofilm which had already 
formed. The BEC of the fluorescent strains in a partnership were measured using 
fluorimetiy. Any viable cells remaining after disinfection could regrow into the liquid 
phase and could then be detected by fluorescence measurements. The BEC was 
particularly relevant to industrial situations, to treat bioflims after they had become 
established. These methods allowed comparison of planktonic and biofilm resistance 
to disinfectants and antibiotics. 
The disinfectants used were commercially available preparations, with 
different modes of action, used for disinfection in industry and in the home. They 
were a hypochiorite based disinfectant, a non-ionic detergent, an amphoteric 
detergent and a quaternary ammonium compound (QAC). In addition, ethanol, 
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hypochlorite and a surfactant, sodium dodecyl sulphate (SDS), were used. The 
postulated mechanism by which chlorine, a strong oxidising agent, acts is the 
inhibition of key enzymatic reactions within the cell and protein denaturation (Rutala 
& Weber, 1997). Hypochlorite biocides oxidise thiol groups and halogenate amino 
acids in proteins within target cells. The active moiety of these agents, hypochiorous 
acid, also inhibits bacterial DNA synthesis (Russel et al., 1997). Quaternary 
ammonium compounds are cationic bactericides and may damage the outer wall of 
Gram negative bacteria and therefore induce leakage of intracellular constituents; 
alcohols also destroy the outer wall. Sodium dodecyl sulphate (SDS) is a surfactant 
and although it has antimicrobial activity at high concentrations, it can remove 
organic molecules from surfaces. Amphoteric detergents are also surfactants and are 
often used as sanitisers and disinfectants in the food industry. They are active against 
Gram negative and Gram positive bacteria. The antibacterials used in bioflim 
experiments were chosen on the basis of Mastring results, so that neither species, 
both species or one species was resistant. The antimicrobials used included: Penicillin 
G; nalidixic acid; streptomycin; and suiphamethizole. Penicillin G is a 0-lactam 
antibiotic inhibiting peptidoglycan synthesis in growing bacteria. Nalidixic acid is a 
synthetic quinolone, a broad-spectrum agent with a bicyclic structure and is a DNA 
gyrase inhibitor. Streptomycin inhibits ribosomal 30 S protein synthesis and 
suiphamethizole is a sulfonamide which inhibits folic acid metabolism. 
The resistance of cooperative dual species bioflims was compared with the 
resistance of liquid cultures and single species biofilms. As a comparison, neutral dual 
species biofilms of E. coliGFP and Serr87b were used, which allowed the influence 
of specific interactions on resistance to be assessed. The resistance of mixed species 
bioflims to specific attack by phage / phage enzymes may also be altered and 
combination treatments using enzymes in conjunction with antimicrobials were used 
to attempt to remove mixed species bioflims. The particular roles that EPS may play 
in biofilm resistance will be discussed in more detail in Chapter 7. 
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6.2 RESISTANCE OF BACTERIAL STRAINS 
Initially, the resistance of the bacterial strains to antibiotics was investigated using 
Mastring discs (Table 13). 
Antibiotic (j.tg) Ent KlebGl Serr87b E.coli EnID 
Chloramphenicol 5 6 2 11 9 5 
Erythromycin 5 - 4 3 - - 
Fusidic Acid 10 - 2 1 - - 
Methicillin 10 - 8 4 - - 
Novobiocin 5 - 4 3 - - 
Penicillin 0 1 unit - - 6 - - 
Streptomycin 10 2 2 8 3 3 
Tetracycline 25 7 10 12 8 7 
Ampicillin25 4 7 - 6 8 
Colistin Sulphate 100 7 3 - 9 7 
Kanamycin30 5 4 3 2 5 
Nalidixic acid 30 7 3 5 4 7 
Nitrofurantoin 50 - 5 - 3 2 
GentanucinlO 5 5 3 7 5 
Carbenicillin 100 7 6 6 15 6 
Sulphamethizole 200 3 - - 4 7 
Cotrimoxazole 	25 8 14 3 5 10 
Table 13 - Resistance of bacterial strains to antibiotics, measured using Mastring discs. 
Zones of inhibition (mm) are indicated, - indicates no inhibition. 
The antibiotic resistance patterns of the bacterial strains can help in their 
classification. For example, the resistance patterns of Ent and EntD were very 
similar, which suggested that the mutant was not significantly altered. KlebGl and 
Serr87b were susceptible to the majority of antibiotics tested. Ent and EntD were 
generally more resistant than the other strains. To measure the resistance of liquid 
cultures to disinfectants or antibiotics more accurately, their MICs were measured 
using turbidity. 200 p.1 of a known concentration of disinfectant was placed in a row 
of MTP wells. 100 p.1 was removed and added to 100 p.1 YE in the next row of wells, 
effecting a two-fold dilution, and so on. 20 p.1 cell suspension was added to each well 
and the absorbance measured. The plates were incubated for 24 h before reading the 
absorbance (Table 14). The MTC was taken as the lowest concentration to prevent 
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the development of turbidity. As fluctuations in absorbance occurred because of 
evaporation and changes of position of cells in relation to the light source, a 
minimum increase of 0.2 (SE 0.004) was used as a measure of significant growth. 
The MBC could be assessed simultaneously by removing a loopfiil of culture from 
each well displaying no growth and streaking onto plates. The plates were incubated 
for 24 h and then checked for growth. The MBC was taken as the lowest 
concentration required to see a total absence of surviving organisms, within this 
incubation time. 
EntGFP 
MIC (j.tg m1 1) 
KIebGl 
(MBC) 
Serr87b E.coli 
Nalidixic Acid 20 80 
Streptomycin 25 125 
Suiphamethizole 150 250 
Penicillin G 5 8 
Ethanol 8 20 
Hypochiorite <2.5 <2.5 15 10 
QAC 0.1 (0.6) 0.1 (0.5) 10 5 
Amphoteric 2 (5) 5 (10) 50 12.5 
Non Ionic Detergent 0.5(2) 1 (2.5) 10 5 
Hypochiorite Disinfectant 0.05 (0.15) 0.1 (0.3) 5 2 
Table 14 - Resistance of bacterial strains to disinfectants and antibiotics. MICs were 
measured in MTP using absorbance on a Beckman MR 5000. The MIC was taken as the 
lowest concentration of antimicrobial to just prevent the development of turbidity. All 
samples were the mean of at least 16 replicates. 
In general, the resistance of Serr87b > E. co/i > K/ebGl > EntGFP. This contrasted 
with the antibiotic resistance patterns, which showed Ent was the least susceptible. 
Some exceptions to this occurred; for example, K/ebGl was more susceptible to 
ethanol than EntGFP. Serr87b was particularly resistant to the amphoteric-based 
detergent. Similar resistance patterns may occur for single species biofilms but the 
concentrations required for eradication may be higher than for liquid cultures. Dual 
species bioflims may show even greater resistance. 
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6.3 COOPERATiVE DUAL SPECIES BIOFILMS 
The resistance of cooperative dual species bioffims to various disinfectants were 
compared with single species bioflims using 6 and 24 h biofilms grown on glass 
beads (See 2.5.1 & 2.9) . Viable counts were obtained and UV illumination of plates 
allowed the proportion of EnIGFP cells to be evaluated (Figure 40 & Figure 41). 
In general, EnIGFP single species bioflims showed enhanced resistance 
(particularly at 24 h) to the disinfectants tested, when compared with KlebGl single 
species bioflims. This contrasted with liquid cultures, where KlebGl showed the 
highest resistance. The biofilm mode of growth enhanced the resistance of EntGFP 
more, perhaps because its physiology altered more than KlebGJ. The type of EPS 
produced by Ent also may influence its resistance. Treatment of 6 h and 24 h dual 
species bioflims with a variety of biocides indicated enhanced resistance compared to 
their single species counterparts, where both species benefited from the presence of 
the other. The numbers of bacteria remaining after treatment were greater in dual 
species biofilms for all the disinfectants tested. The % reduction of numbers was not 
always lower for dual species biofilms, because of the higher attachment and growth 
of untreated bioflims, but the surviving numbers were consistently higher. if the 
proportions of species after disinfection differ, this may indicate one species gained 
higher protection than the other. The proportion of EntGFP was between 55 and 
65 % in untreated 6h bioflims and the proportion after disinfection varied between 
60 and 75 % depending on the disinfectant, reflecting the higher resistance of 
EnIGFP. This indicated that both species gained similar levels of protection from 
their cooperation. 
The % reduction caused by 0.05 tg ml -1  hypochlorite based disinfectant was 
similar in 6 h dual and single species biofihns, but the surviving numbers of bacteria 
were 54 % higher in dual species biofilms. The % kill caused by the quaternary 
ammonium compound and the amphoteric based detergent were lower against 6 h 
dual species biofilms than single species biofllms. Treatment with the quaternary 
ammonium compound led to 82 % more bacteria remaining in the dual species 
bioflims and non-ionic detergent treatment resulted in 76 % more surviving bacteria 
in dual species biofilms. 
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Figure 40 - Disinfection of 6 h single and dual species biofllms of EntGFP and KIebGl 
grown on glass beads: U EntGFP single species; Ii KIebGl single species; LE dual species. 
Untreated controls: EnfGFP 1.34 x 10 CFU cm 2 ; KiebGl 1.45 x 10 CFU CM-2;  mixed 5.02 
X 107 CFU cm 2 .The biofilms were treated for 5 min contact time with: a) a hypochionte 
based disinfectant; b) quaternary ammonium compound; C) non-ionic detergent; and 
viable counts obtained. All samples were the mean of 4 replicates, bars represent SE. 
135 
6. RESISTANCE OF MIXED SPECIES BIOFILMS 
a) 300 
250 
200 
150 
100 
L) 50 
0 
-50 
Concentration (g ml') 
b) 120 
100 
!80 
'- 60 
40 
20 
2.5 	 1.25 	 0.625 
Concentration (rig ml') 
0.1 	 1 	 5 
% Ethanol 
U EntGFP 0 KlebGl D EntGFP (dual) 0 KlebGl (dual) 
C) 100 
80 
E 
60 
40 
20 
ci 
Figure 41 - Disinfection of 24 h single and dual species bioflims of EntGFP and KlebGl 
grown on glass beads: 0 EntGFP single species; U KlebGl single species; 0 dual species. 
Untreated controls: EnfGFP 1.7 x 10 7 CFU cm 2 ; KIebGl 1.7 x 107 CFU 
CM-2;  mixed 8.1 x 
10 CFU cm 2 . The biofllms were treated for 5 min contact time with: a) non-ionic detergent; 
b) amphoteric detergent; c) ethanol; and viable counts obtained. All samples were the 
mean of 4 replicates, bars represent SE. 
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In 24 h bioffims, the % inhibition of the non-ionic detergent was marginally 
lower against 24 h mixed species bioflims than either single species bioflim. Both 
species gained protection from disinfection with ethanol in dual species biofllms, 
EnIGFP gained most protection but this reflected its higher resistance in single 
species biofllms. Treatment of 24 h bioflims with an amphoteric detergent led to 
62 % more cells remaining in dual species biofilms. Both species showed enhanced 
resistance in dual species bioflims and the proportions of bacteria surviving in the 
mixture reflected their own inherent resistance. 
To assess whether dual species biofilms had higher metabolic activity 
following disinfection, the reduction of INT by biofllms grown on glass beads was 
measured (Table 15). This showed that mixed species biofilms gained much higher 
protection from formaldehyde than either single species biofilm and had higher 
metabolic activity following treatment. 
Control 	 Formaldehyde 
KlebGl 	 0.650 (0.021) 0.123 (0.007) 
Ent 0.319 (0.015) 0.111 (0.004) 
Mixed 	 0.654 (0.030) 0.229 (0.022) 
Table 15 - Metabolic activity of single and dual species biofilms of EntGFP and KIebGl 
before and after 5 min 0.1 % formaldehyde treatment, measured using INT reduction of 
biofllms grown on glass beads. Experiments were the mean of 3 replicates, SE in brackets. 
To measure EnIGFP removal from single and dual species biofllms, biofllms were 
grown in MTP and the fluorescence following disinfectant treatment was measured 
(Figure 42). The hypochiorite based disinfectant caused much lower reduction in 
fluorescence and removal of EnIGFP from dual species biofllms than single species 
bioflims. This suggested EntGFP was protected from disinfection in dual species 
biofilms. Because GFP was so stable and still fluoresced after the cells were killed, 
this method measured cell removal rather than death or viability. Therefore, a second 
method was developed to assess EnIGFP death in single and dual species bioflims 
following disinfectant treatment. 
137 
n itC.i'P 
6. RESISTANCE OF MIXED SPECIES BIOFILMS 
70 
60 
 
50 
40 
30 
20 = 
rZ 10 
0 
2 	5 	10 	15 
Disinfection Time (mm) 
Figure 42 - Disinfection of EntGFP dual and single species biofllms using a hypochiorite-
based disinfectant. Results are presented as reduction in fluorescence and samples were 
the mean of 84 replicates, bars represent SE. 
The BEC, or amount of disinfectant required to kill all the bioflim cells, was 
determined according to Section 2.9.2. The method relied on the regrowth of 
remaining viable cells into the liquid phase when YE was added above the bioflim. 
After 24 h regrowth the fluorescence of single and mixed species bioflims were 
measured following disinfection. A value of >150 RFU was chosen to represent 
significant regrowth (Figure 43). 
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Figure 43 - Biofilm eradicating concentration of EntGFP in single and dual species 
bioflims. The regrowth of bioflims treated with disinfectants was measured following 24 h 
recovery period in YE, on a Perkin Elmer LS 50B fluonmeter. The disinfectants used were: 
HG (hypochlorite), ethanol, non-ionic detergent, hyphochlorite based disinfectant, 
quaternary ammonium compound based disinfectant and an amphoteric based 
disinfectant. All samples were the mean of 2 MTP, bars represent SE. 
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As the results measured fluorescence, they reported only on EntGFP, 
therefore no information on KlebGJ disinfection was obtained. However, the 
resistance of EntGFP was higher when KlebGl was present in dual species biofllms. 
EnIGFP had a higher BEC for all the disinfectants tested when in cooperative dual 
species bioflims. EnIGFP showed a 10 fold increase in resistance to hypochiorite and 
a 2.5 fold increase in resistance to ethanol in dual species bioflims. So the survival of 
bacteria within dual species bioflims was better than in single species bioflims and 
EnIGFP obtained protection when KlebGJ was present. 
To investigate whether dual species bioflims were also more resistant to 
antibiotics and antimicrobials, 3 were chosen on the basis of the different species 
resistance patterns. Neither species was resistant to penicillin G and both were 
resistant to nalidixic acid (30 ltg mt'), only EntGFP was resistant to suiphamethizole 
(200 p.g ml-1). The growth of single and mixed species biofllms in the presence of 
concentrations > MIC of the 3 antibiotics was assessed using viable counts (Table 
16). 
CFU x 106 cm 2 +1- SE 
Control 	Nalidixic Acid Penicillin G 	Suiphamethizole 
100 Rg ml 1 	10 l.Lg mf1 500 tg m11 
KIebGl single species 17.1 ± 1.8 4.17 ± 0.2 1.63 ± 0.4 2.82 ± 0.3 
% inhibition 75.6 90.5 83.5 
EntGFP single species 16.8 ± 0.9 0.02 ± 0.04 2.82 ± 0.7 2.97 ±0.2 
% inhibition 99.9 83.2 82.3 
KIebGl dual species 28.4 ± 2.7 4.19 ± 0.1 10.39 ± 1.3 3.62± 0.7 
% inhibition 85.3 63.4 87.3 
EntGFP dual species 52.8 ± 3.5 5.29 ± 0.7 4.59 ± 1.2 5.99 ± 1.3 
% inhibition 89.9 91.3 88.7 
Table 16 - Effect of antibiotics on growth of 16 h single and mixed species bioflims, grown 
on glass beads and measured by viable counts. ± SE where n = 6. 
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The resistance of both single and dual species biofilms to the three antibiotics / 
antimicrobials was greater than the liquid cultures / lawns. All biofilms grew at 
concentrations 2! 2 x MIC. In single species bioflims, KlebGl was most susceptible to 
penicillin G followed by suiphamethizole and nalidixic acid; EnIGFP was most 
susceptible to nalidixic acid, followed by penicillin G and sulphamethizole. With 
nalidixic acid, EntGFP survival in dual species bioflims with KlebGl present was> 
100 times better, KlebGl may therefore protect EntGFP. Nalidixic acid caused 
increased EPS production in EnIGFP and this may have influenced resistance, but 
this will be discussed more in Chapter 7. The dual species biofilms exhibited 
enhanced growth and attachment in the presence of three antibiotics tested, 
compared to the single species biofilms. Although the viable numbers were higher, % 
growth reduction by the antibiotics was not always lower in dual species biofllms 
because of the higher control levels. In terms of % inhibition, Ent in the presence of 
nalidixic acid and KlebGl in the presence of Penicillin G grew better in dual species 
bioflims. The ratios of EnIGFP and KlebGl in mixed biofilms were also compared. 
The control ratio was 0.54 (approximately 2 EntGFP cells to every KlebGl cell), 
similar with suiphamethizole (0.6) but slightly to favour KlebGl in nalidixic acid 
(0.79) and very much in favour (2.26) in penicillin G treated bioflims. This suggested 
KlebGl increased its growth to compensate when EntGFP numbers were reduced: 
Where neither species were resistant to the antibiotic (penicillin G) KlebGl gained 
the most protection. Where EntGFP was resistant (sulphamethizole), both gained 
protection. Where both were resistant (nalidixic acid), EntGFP gained the most 
protection. The extent of protection by one species may vary depending on the 
nature of antimicrobial or its mechanism of action. As KlebGl generally showed 
lower resistance (in bioflims) to the antimicrobial agents used, it may benefit more 
from the partnership. Microorganisms surviving antimicrobial treatment, in catheters 
for example, may then disseminate leading to further infection, the numbers of 
survivors are therefore an important factor. 
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6.4 NEUTRAL BIOFILMS 
Neutral bioflims of Serr87b and E. coliGFP were used to examine whether other 
mixed species bioflims were also more resistant than single species or whether the 
enhanced resistance was related to interspecies interactions (Figure 44). 
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Figure 44 - Disinfection of 24 h single and dual species biofllms of E. coIIGFP and Serr87b 
grown on glass beads: Control counts: E. coIiGFP 2.0 x ig CFU 
CM-2;  Serr87b 2.8 x 1 07 
CFU cm 2 ; E. coIIGFP (dual) 2.3 x 107CFU 
CM-2;  Serr87b (dual) 3.2 x 107 CFU cm 2 . The 
biofilms were treated for 5 min contact time with: a) amphoteric detergent; b); quaternary 
ammonium compound; and viable counts obtained. All samples were the mean of 4 
replicates, bars represent SE. 
Both Serr87b and E. coliGFP were more resistant to the disinfectants chosen than 
EntGFP and KlebGl, with Serr87b the most resistant. The neutral dual species 
biofilms indicated enhanced resistance compared to liquid cultures, but both species' 
resistance to disinfection was the same in single and dual species bioflims. This was 
confirmed by measuring the fluorescence of E. coliGFP regrowth following 
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disinfection (Table 17). There was no improvement in E. coliGFP resistance to any 
of the 4 disinfectants tested in neutral dual species bioffims compared to single 
species bioflims. This may suggest the interactions between EnIGFP and KlebGl 
resulted in the increased resistance of cooperative dual species bioflims. In many 
natural and industrial bioflims there are many species to potentially interact and 
protection may be afforded to the species which possess the ability to interact. 
Disinfectant (tg m1') 	E.coliGFP 	 E.coliGFP 
single species dual species 
Blank 199 (2.4) 199 (2.4) 
Control 365 (9.2) 376 (10.4) 
NI (100) 204(11.3) 194(9.8) 
NI (40) 268 (9.2) 250 (11) 
HC (100) 272 (5.5) 280 (7.8) 
HC (40) 268 (9.2) 276 (9.2) 
QAC (100) 171 (6.9) 171 (4.6) 
QAC (40) 230 (18) 231 (7.0) 
Amph(100) 154(4.3) 169(2.9) 
Amph(40) 193 (8.7) 163 (2.1) 
Table 17 - The regrowth of E. co!1GFP single and dual species bioflims following treatment 
with disinfectants. Measured following 24 h recovery period in YE, on a Perkin Elmer LS 
50B fluorimeter. The disinfectants used were: non-ionic detergent (NI), hyptiochiorite based 
disinfectant (HO), quaternary ammonium compound (QAC) and an amphoteric based 
detergent (Amph). n = 96, SE in brackets. 
6.5 TRIPLE SPECIES BI0FILMS 
To investigate whether the integration of a 
31(1  species into cooperative dual species 
bioflims affected resistance to disinfection, Serr87b was added. So that stable 
integration occurred, a lower ratio of Serr87b was used to avoid competition. The 
resistance of EntGFP in dual and triple species biofilms to 4 disinfectants was 
examined by viable counts and EntGFP colonies were identified in a mixture by UV 
illumination of the plates (Figure 46). This showed that EnIGFP resistance to 
disinfection decreased when Serr87b was added. KlebGl and EnIGFP seemed to 
form a complex which afforded protection to both species. Even though Serr87b 
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could stably integrate, it may have disrupted the stabilising interactions and resulted 
in a reduction in resistance. Although KlebGl and Serr87b could not be 
distinguished, it was likely that KlebGl suffered in the same way in triple species 
bioflims. 
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Figure 45 - Resistance to disinfection of EntGFP in 24 h dual and triple species biofllms, 
measured after 5 min contact time with a non-ionic detergent, a hypochionte based 
disinfectant, a quaternary ammonium compound and an amphoteric detergent. Viable 
counts were obtained from biofilms grown on glass beads, all were the mean of 4 replicates 
and the bars represent SE. 
6.6 RESISTANCE TO ENZYME ATTACK 
To assess whether the specific bacteriophage enzyme had any antimicrobial activity, 
growth of cells in the presence of enzyme was measured in MTP as previously 
described to measure the IvllC of disinfectants (Table 18). 
EntGFP 	KlebGl 
YE control 0.324 (0.012) 0.310 (0.033) 
50 R1  enzyme 0.353 (0.015) 0.343 (0.017) 
25 j.tl enzyme 0.328 (0.009) 0.376 (0.017) 
12.5 ld enzyme 0.405 (0.031) 0.367 (0.025) 
Table 18 - Effect of enzyme treatment on cell viability. The enzyme was diluted and the 
turbidity of cells measured following 24 h incubation, on a Beckman MR 5000 plate reader. 
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Growth of neither species was adversely affected by the addition of enzyme, 
therefore any action against biofilms was due to cell removal rather than death. To 
investigate the resistance of 24 h dual and single species bioflims, phage enzyme was 
used to selectively remove one component (EntGFP EPS). Single and dual species 
bioflims grown on glass beads were treated with EnIGFP specific depolymerase for 5 
and 30 mm (Table 19). EntGFP was removed successfully from both dual and single 
species bioflims. This suggested EnIGFP gained no protection in dual species 
biofilms. It also showed that both species were removed from dual species biofilms. 
This may be related to their close proximity within microcolonies or it could be 
because EntGFP contributed more EPS to the mixture. This will be discussed in 
more detail in Chapter 7. 
CFU cm -2 
Enzyme treatment 	Mixed 	 Single Species 
KlebGl 	EnIGFP 	KlebGl 	EntGFP 
Control 	 3.9x10 4 	7.2x10 4 	2.6x10 4 	4.2x10 4 
5 min 	 2.7x10 3 	2.8x10 3 	2.1x104 	3.7x10 3 
30 min 	 1.5 x 10 3 	1.5 x 10 3 	2.5 x 10 4 	1.2 x10 3 
Table 19 - Removal of cells from single species and dual species biofilms using Ent 
specific polysaccharide depolymerase, isolated from bacteriophage. SE range from 0.14 - 
0.36 x 103 , where n = 3. 
Single species and neutral dual species bioflims of E. coiiGFP and Serr87b were also 
treated with specific enzymes from Serr87b phage and E. coiiGFP phage, or a 
combination of the two. Bioflims were grown on glass beads and treated for 5 mm 
with the enzyme and / or phage. Viable counts were obtained and dilution was used 
to minimise phage infection following the treatment time (Figure 46). 
Both species were effectively removed from single species bioflims by the 
appropriate phage or enzyme. Only E. coiiGFP was removed from dual species 
bioflims by E. coil phage and only Serr87b was removed from dual species bioflims 
by Serr87b phage enzyme. In neutral dual species biofilms, where the two species did 
not interact and were spatially distant, bacteriophage and their associated enzymes 
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removed only one species. This also showed that using combinations of E. coil and 
Serr87b bacteriophage led to effective removal of both species from dual species 
biofilms with a 94 % reduction in viable bacteria. Phage /enzyme may be an effective 
treatment to specifically remove pathogenic species from bioflims. However, these 
species may gain protection if surrounded by other species. In bioflims where a large 
number of species occur, the use of many types of phage may be impractical. 
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Figure 46 - Removal of single and dual species biofilms of E. coIiGFP and Serr87b, using 
Serr87b phage enzyme and E. coIiGFP phage. Biofilms were grown on glass beads and 
treated for 5 min with phage or enzyme or a combination of the two, viable counts were 
obtained and the results were the mean of 3 replicates. 
6.7 COMBINATION TREATMENT 
To investigate whether the action of phage enzyme in conjunction with disinfection 
was more effective than either treatment alone, viable counts of both treatments 
individually and together were measured (Figure 47). If the two treatments were 
additive, the total removed should equal the sum of the cells removed by each 
treatment. However, this assumed that all the cells were removed as easily as one 
another and in biofilms it has been shown that some cells are much harder to kill or 
remove. Together the treatments were much more effective than alone but a few 
recalcitrant cells remained after both treatments, it was not clear why some cells 
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exhibited much higher resistance. The best removal occurred when the enzyme was 
added before the disinfectant, perhaps because cells were removed by the enzyme, 
giving better access to the remaining cells by the disinfectant. Further evidence for 
this explanation was that the numbers of cells still surviving in a rinse were much 
lower after combination treatment. The enzyme may be partially denatured by the 
disinfectant, hence the enzyme would be less effective when added post disinfection. 
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Figure 47 - Viable counts of EntGFP single species bioflims treated with 4 disinfectants or 
Ent phage enzyme (101  or  102  dilution), or combination of the two. Post = disinfectant (5 
mm) then enzyme (5 mm), Pie = enzyme then disinfectant. All samples were the mean of 3 
replicates. 
The use of enzymes in conjunction with disinfectants could provide a mechanism for 
semi-specific treatments and effective removal of biofilms. For example, phage for 
pathogenic species in combination with disinfection could lead to effective remedies 
for removal. The removal of biofilms by commercial enzyme mixtures was recently 
reported by Johanson etal. (1997). 
Another combination treatment, using a surfactant (SDS 10 mg ml') in 
conjunction with a hypochlorite based disinfectant (1 p.g ml - ') was examined. The 
number of cells remaining in single and dual species bioflims were measured using 
viable counts of bioflims grown on glass beads (Table 20). Individually, SDS lead to 
a 1 -2 log reduction and the hypochlorite based disinfectant lead to a 1 -2 log 
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reduction in bioflim cell numbers in both single and dual species bioflims. However, 
both treatments together lead to a 2-3 log reduction. The treatments were therefore 
additive rather than synergistic. 
Single Species 	 Dual 
KlebGl 	EntGFP KlebGl 	EntGFP 
Control 	 3.9x104 	1.6x104 	5.9x104 	6.0x104 
SDS 9.2x102 6.9x102 3.5x103 7.1x102 
Hypochlorite 	9.7 x 102 	5.7 x 102 	9.7 x 103 	1.1 x 103 
Both 	 2.7x102 8.5x10 2.7x102 6.5x102 
Table 20 - Individual and simultaneous treatment of single and dual species biofllms of 
EntGFP and K!ebGl with SIDS and a hypochlorite based disinfectant. Bioflims were grown 
on glass beads and viable counts obtained, all samples were the mean of 3 replicates. 
6.8 DiscussioN 
All the biofilms examined had greater resistance to disinfection and antibiotic 
treatment than liquid cultures of the same bacterial species. Bioflims could grow at 
antibiotic concentrations which would prevent bacterial growth and disinfectant 
concentrations which would kill cells in liquid culture. This effect was greater for E. 
co11GFP and Serr8 7b than EntGFP and KlebGl, with growth often at> 10 times the 
MIC. Attachment seemed to increase resistance even at early stages in development 
(6 h), but greater resistance may require considerably longer residence times. Even if 
relatively small increases in resistance occur, this could result in the antimicrobial 
falling below the M1IC which may encourage the development of multi-resistant 
strains within the bioflim, which could then provide a reservoir for further 
dissemination. As discussed by Stickler (1997), there are probably a multitude of 
contributory factors to the increased resistance of bioflims. EPS represents one of 
these factors and will be discussed in Chapter 7. 
Both species in cooperative dual species biofilms showed enhanced resistance 
to the disinfectants and antibiotics tested compared to their single species 
counterparts. Buorion & Cerf (1996) have also shown that Listeria inocua were less 
sensitive to hypochlorite and Peracetic acid in mixed species biofilms. The enhanced 
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resistance of such mixed species bioflims has important implications because higher 
concentrations of disinfectants may be necessary to eradicate bioflims than those 
suggested by the numerous trials on monospecies bioflims. Although the % reduction 
of viable cells in dual species biofilms was sometimes higher, because of higher 
starting levels, the numbers of recalcitrant bacteria remaining were consistently 
higher. The measurement of BEC showed that the survival of EntGFP was higher in 
dual species biofilms. The increased resistance of the cooperative dual species 
bioflims to the four disinfectants was greater than simply a reflection their 
cooperative binding and this was particularly noticeable at the lower concentrations. 
Slightly greater protection occurred in 6 h dual species bioflims, perhaps because 
after 24 h, the single species biofilms had also developed higher resistance. The use 
of GFP as a species specific marker allowed the effect of disinfectant/ antibiotic 
treatment on each species in dual species biofilms to be assessed. Although both 
species gained protection in cooperative dual species biofilms, in general, neither 
species gained significantly higher protection from disinfection than the other. The 
proportions obtained after disinfection reflected the inherent resistance of the strains, 
so EntGFP which had higher resistance tended to have higher surviving cells in 
mixed species bioffims. However, when antibiotics were used to inhibit bioflim 
growth, one species could gain a considerable advantage. For example, using 
nalidixic acid, KlebGl gained considerable advantages, with a much higher 
proportion of cells than in the control, so benefited more. 
Neutral dual species bioflims did not show enhanced resistance compared to 
their single species counterparts. The enhanced resistance of cooperative dual species 
therefore involved the specific interactions between the strains. The reasons that 
cooperative dual species biofllms were more recalcitrant could be because they 
formed a more stable complex. When disrupted by the integration of a third species, 
their resistance was reduced. The range of antimicrobials tested have differing modes 
of action but the dual species bioflims were consistently more resistant. This may 
result from physiological changes in one or both species; protection by the matrix, 
perhaps due to interactions between the EPS; or be a manifestation of increased 
strength of attachment. The ability of drugs to pass through the bacterial outer 
membrane is a very important factor in their antibacterial activity and spectrum. If 
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variations between bacteria in single and dual species bioflims are due to changes in 
their physiological status, their outer surface could be different and this could further 
influence their susceptibility. 
Cooperative biofilms were not more resistant than single species to removal 
by phage enzymes, in fact in both species were effectively removed from cooperative 
biofilms. The removal of KlebGl by an enzyme specific for En! EPS may have 
occurred because both species were in close proximity within the microcolonies and 
removal of one component led to sloughing of the whole bioflim. Alternatively Ent 
may have contributed more EPS to the bioflim matrix, so removal of En! EPS led to 
removal of all the cells, including KlebGl. It was shown that using phage enzyme 
and any of four disinfectants resulted in more effective removal than either treatment 
alone. Combination treatments, using phage enzymes in conjunction with 
disinfectants may provide an effective treatment to remove (dual species) biofilms. 
The main obstacle in utilising phage I enzymes is that they are highly specific and a 
large variety would need to be used to ensure effective removal of complex, multi-
species bioflims. It could however be used along with disinfectants to help remove 
problematic/ pathogenic strains. In addition, if the bacteria were located deep within 
the matrix, then access by the enzyme may be reduced. 
Where interspecies interactions occurred, biofilms had considerably higher 
resistance. Bacteria in dual species bioflims surviving antimicrobial treatment may 
cause downstream contamination. It may be necessary to review antimicrobial testing 
procedures to determine what concentrations are necessary for mixed species biofilm 
eradication. 
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7.1 INTRODUCTION 
The biofilm-forming and adhesive functions of the EPS are extremely important 
medically and commercially. The chemical and resultant physical properties of the 
EPS will affect their adhesiveness (Sutherland, 1997a). Polymers could play a role in 
the initial adhesion of bacteria to surfaces by bridging across the repulsion barrier and 
thereby anchoring the cell to the surface (or to other cells). EPS hydrophobicity may 
therefore affect behaviour at an interface. As EPS form integral components of all 
biofilms, representing up to 95 % of the bioflim biomass, the physical properties of 
the biofilm will be greatly influenced by their nature and structure. It has been 
suggested that EPS is involved in the accumulative stages of biofilm development 
such as microcolony formation (Allison & Sutherland, 1987). EPS may contribute to 
resistance by providing a diffusion barrier or reacting with some antimicrobials. The 
physical properties of the EPS may vary under different growth conditions or stages 
in the growth cycle. 
The role ofEPS in the specific interactions between EntGFP and KlebGl has 
been discussed in Chapter 5, where both types of EPS act as receptors for specific 
adhesins possessed by the other species. The physical properties of En! EPS in 
particular also affected adhesion non-specifically. The physical and chemical 
properties of the different types of EPS may influence the nature of the bioflim and 
its resistance to antimicrobial agents. The monosaccharide constituents of each type 
of EPS were investigated by paper chromatography and other components which 
may influence physical properties were measured. In this chapter, the roles of EPS in 
biofilm development (single and dual species) and in bioflim resistance will be 
discussed. EPS may have additional effects in dual species biofilms: increased EPS 
production by one species may affect the adhesion and resistance of another species; 
the two types of EPS may interact within the bioflim matrix; and one species may 
contribute more EPS to the matrix, so that bioflim properties are affected more by 
the dominant type of EPS. 
Some antibiotics can cause increased EPS production by some bacterial 
strains (Hughes, 1997) and high carbon and low nitrogen ratios have also been 
shown to result in increased EPS production in many species. Using these 
techniques, EPS production could be increased in either or both of the two species 
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and the subsequent effects on adhesion, bioflim formation and resistance examined. 
The EPS-deficient mutant of Ent, EnID, was also useful to determine the effects of 
decreased EPS production on adhesion and biofilm formation. In addition, specific 
phage enzymes were important tools to specifically remove the EPS and help 
determine its function. The isolation of specific phage and their polysaccharide 
depolymerases will therefore be discussed. 
7.2 CHEMICAL AND PHYSICAL PROPERTIES OF EPS 
Ent and Serr87b produced more EPS when grown on solid media, whereas KlebGl 
produced large amounts of polymer in liquid culture (unpublished results). The 
polysaccharides from Serr87b and KlebGl were soluble in dH20 and the polymer 
from KlebGl formed a highly viscous solution with gel-forming ability. Boiling and 
cooling (annealing) of 200 p.g ml- ' KlebGl EPS solutions encouraged gel formation 
as did divalent cations such as magnesium and calcium. Ent EPS was insoluble in 
dH20 and most other solvents tested. This led to problems in its purification and 
analysis. The monosaccharide constituents of the EPS were measured by paper 
chromatography of the EPS hydrolysates (Table 21). The paper chromatography 
results were related to distance of glucose migration using R 0 values. 
R G = distance of spot 
distance of glucose 
The darkness of the chromatogram spots was used to estimate the approximate ratios 
of sugars in each type of EPS (Hughes, 1997). 
Species 	 Ratios of sugars 
Galactose 	Glucose 	Mannose 	Rhamnose 
Ent 2 2 0 1 
KlebGl 1 1 0.5 0.5 
Serr87b 1 1 1 1 
Table 21 - Analysis of EPS monosaccharide constituents by paper chromatography of EPS 
hydrolysates. Results are presented as ratios of sugar constituents. 
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Em' EPS appeared to contain higher quantities of glucose and galactose than the 
other species. Serr87b EPS contained the highest proportion of mannose, mannose 
was also present in KlebGl EPS but absent from En! EPS. The ratios of sugars may 
give indications of the repeat unit structures. The amount of monosaccharide 
constituents in KlebGl and En! EPS were measured more accurately on a Dionex 
HPLC (Table 28). This confirmed that KlebGl EPS contained mannose as a 
monosaccharide constituent and En! EPS did not; this was useful to distinguish 
between the two types of EPS in a mixture. 
The amount of uronic acid, pyruvate and degree of acetylation can have a 
great influence on the physical properties of the EPS. The amount of uronic acid in 
the EPS was measured following the method of Blumenkrantz & Asboe-Hanson 
(1973) and the amount of acetyl was measured using the method described by 
Hestrin (1949). En! EPS grown on liquid and solid media was also compared (Table 
22). 
Total CHO 	Acetyl 	 Uronic Acid 
.tg Gic mg EPS' j.tg Acetyl mg EPS 1 jg IJA mg EPS4 
En! EPS (liquid) 304 14.4 negligible 
En! EPS (solid) 284 113.8 71.2 
Serr87b EPS 299 47.6 70.9 
K1ebGJEPS 279 165.2 227.3 
Table 22 - Amount of acetyl and uronic acid in the various types of EPS, acetyl content 
was measured using the method described by Hestnn (1949), uronic acid content was 
measured using the method of Blumenkrantz & Asboe-Hanson (1973). Results presented 
were the mean of 3 samples. 
KlebGl had the highest level of uronic acid and highest degree of acetylation. The 
amount of uronic acid and acetyl in En! EPS varied depending on growth conditions. 
The variation could be due to different levels of contamination with capsular 
polysaccharides and / or intracellular glycogen. To further monitor differences 
between EntS and EntL EPS, phage enzyme degradation was assessed. This showed 
that the enzyme had equal activity against EntS and EntL EPS. In addition, 
examination of monosaccharide constituents of the EPS hydrolysates by paper 
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chromatography showed no significant differences, whether grown on liquid or solid 
media. This suggested that the differences between the EPS were due to the 
alteration of additional constituents rather than polysaccharide backbone. 
The use of commercially available enzymes may also reveal some information 
about EPS linkages. Cellulase (specific activity = 1.7 x 10 1  PM glucose ml-1 tg 
protein' W 1) showed some activity against En! EPS. The commercial cellulase 
preparations used are a complex of enzymes which act together synergistically in 
cellulose hydrolysis. They contain endo and exoglucanases and 13-glucosidase. Mixed 
linkage 13-glucans may be attacked by 13-1,3 glucanases or 13-1,4 glucanases. The 
action of cellulase > driselase (contains some cellulase) > laminarinase (13-1,3, 
glucanase) which suggested that En! EPS may contain some 13-1,4 linkages between 
glucose residues. 
7.3 BACTERIOPHAGE AND THEIR POLYSACCHARIDE DEPOLYMERASES 
Phage occur in high numbers in natural ecosystems, their specificity made them 
particularly useful tools to study mixed species bioflims. They often produce 
polysaccharide depolymerases which are also highly specific. Phage were isolated 
from primary sewage effluent obtained from various outlets in East Lothian. 
Following enrichment, phage for En!, Serr87b and E. coil were successfully isolated. 
7.3.1 PHAGE PROPERTIES 
Ent phage plaques on bacterial lawns had a diameter of 3 -4 mm, typically with a 
halo of EPS degradation, indicating the presence of a polysaccharide depolymerase. 
Phage infection of exponentially growing cultures showed extensive lysis occurred 
1 1/2- 2  h after the addition of phage (Figure 48). Higher ratios of phage showed 
marginally improved infection, with slower recovery. Ent phage was examined by 
TEM. This showed a typical Bradley type C phage with a head diameter of 50 nm 
and a 135 iim tail (Figure 49). 
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Figure 48 - Phage induced lysis of exponential Ent cultures by Ent phage. Lysis was 
measured by absorbance at 600 nm. All samples were the mean of 3 replicates. Two ratios 
of cells:phage were used, Al :0(control); • 1:0.01; • 1:0.1. 
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Figure 49 - Transmission electron micrograph of plaque morphology of Ent phage showing 
head and tail sections. Bar represents 50 nm. 
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Serr87b phage formed extremely small plaques of less than 1 mm diameter. A 
small halo of EPS degradation was occasionally visible. Phage infection of 
exponentially growing cultures showed that the latent period of infection was 2- 2'/2 
h (Figure 50). The lytic cycle was less efficient than for Ent phage, with the 
absorbance dropping by only half even with a cell: phage ratio of 1: 1. 
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Figure 50 - Phage induced lysis of exponential Serr87b cultures by Serr87b phage. Lysis 
was measured by absorbance at 600 nm. All samples were the mean of 3 replicates. 3 
ratios of cells:phage were used, X I :0(control); M 2:1; • 1:1; A 1:0.1. 
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Figure 51 - Phage induced lysis of exponential E. coil cultures by E. coil phage. Lysis was 
measured by absorbance at 600 nm. All samples were the mean of 3 replicates. 2 ratios of 
cells: phage were used, A 1 :0(control); U 1:1; • 1:0.1. 
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E. coil phage formed plaques of 2 mm diameter, but no visible halo. This 
suggested E. coil phage did not produce enzyme for polysaccharide degradation and 
this was confirmed by reducing sugar assays on E. coil EPS. Phage infection of 
exponentially growing cultures showed a decline in turbidity after 4 h (Figure 51). 
7.3.2 ENZYME PROPERTIES 
Haloes of EPS degradation were particularly evident around EntGFP phage plaques. 
After phage infection of liquid cultures, the bacterial lysates normally contained more 
enzyme in soluble form. Phage enzymes were therefore obtained after centrifugation 
of phage lysates and filtration through 100 kDa filters. Phage enzymes exhibit a very 
high degree of substrate specificity and seldom degrade more than one polymer, even 
with very close homologies. Assays were used to examine if the phage enzymes 
possessed lyase or hydrolase activity. Lyases act by eliminative cleavage at 
monosaccharide-uronic acid linkages and introduce an unsaturated bond at C 4 and C5 
of the non-reducing uronic acid terminal. Lyase activity was measured using the TBA 
assay (Weissbach & Hurwitz 1959). No significant lyase activity was present in 
Serr87b phage enzyme or Ent phage enzyme (as Ent EPS did not contain uronic 
acid). The hydrolytic activity of Ent and Serr87b enzymes against the appropriate 
EPS substrate was measured using reducing sugar assays (Figure 52). Both phage 
possessed hydrolase enzymes which were obtained in preparations with the following 
specific activities: 
Serr87b 1.6 x 10' tiM glucose h' mg protein' 
EntGFP. 3.78 x 10 p.M glucose W' mg protein- ' 
Rapid degradation, measured using reducing sugar assays of the substrates, indicated 
endo rather than exoglucanase activity. Both enzymes appeared to be hydrolytic 
endoglucanases. As phage lysates were used to isolate the phage enzymes, 
intracellular enzymes from the bacteria may also have been present. 
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Figure 52 - Reducing sugar assays of Ent and Serr87b phage enzymes against Ent and 
Serr87b EPS respectively. Results are presented as release of glucose ml phage enzyme-' 
mg EPS 1 . 
To investigate whether the hydrolase activity in the Ent phage enzyme preparation 
was also due to the intracellular enzymes released, ONP-sugars were used. Release 
of ONP linked to a or 0 sugars result in yellow colour development. Sonicated Ent 
cells were inoculated into 20 l ONP-cL-D-glucoside or .ONP-3-D-glucoside and 
incubated overnight. The Ent intracellular enzymes showed very low activity against 
the 3-linked substrate only. 
7.4 EPS PRODUCTION AND ROLE IN BIOFWM FORMATION 
7.4.1 EPS DEFICIENT MUTANT 
An EPS-deficient mutant of Ent, EntD, was successfully isolated following UV 
irradiation, by streaking out after progressive treatment times and selecting non-
mucoid colonies. The mutant showed a 20 % decrease in EPS synthesis over a 24 h 
period as measured by acetone precipitation. Figure 53 shows streaks of Ent and Ent 
EPS deficient mutant (EntD) and the reduction in EPS production can be seen quite 
clearly. 
158 
7. ROLES OFFPS 
Figure 53 - Photos snowing colonial rnorphoogy of Ent and an En! EFS deficient EntD) 
mutant. The mutant was isolated following UV illumination of exponential Ent cultures. 
Other properties of the mutant were also examined to determine similarities and 
differences between Eni, EnID and their EPS. The mutant showed slower growth 
rates in liquid culture and the colonies were more hydrophobic and difficult to pick 
off plates. The antibiotic resistance properties were similar to En!, with EnID 
marginally less resistant to nitroflirantoin, but slightly more resistant to ampicillin. 
These differences may be due to alterations in EPS production. 
The EPS were analysed by paper chromatography and the proportion of 
sugar constituents did not appear to differ from Ent EPS. EnID EPS was slightly 
more soluble in dH 20 than Em EPS, which may reflect alterations in acetyl or 
pyruvate constituents. The EPS from EniD was degraded as effectively by Ent phage 
enzyme and the bacteria were also susceptible to infection by the phage, which 
suggested that the the original strain and the mutant possessed similar EPS which 
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contained (if any) subtle structural changes which increased the solubility without 
affecting the phage-enzyme binding sites and phage receptors. The main difference 
between the two strains was therefore the amount of EPS produced. 
Measurement of coadhesion showed KlebGl adhered to EntGFP as well as 
EntD, but adhesion of EntGFP was better than EnID adhesion to KlebGl: A 570 
0.910 (0.015) and 0.735 (0.008) respectively. Therefore EnID possessed the 
necessary receptors for KlebGl adhesion but decreased BPS production led to a 
decrease in its own adhesion. Initial work on biofilms suggested En1D attached more 
readily than Ent, but formed fewer microcolonies. The strength of attachment of 
EnID was compared with Ent following the method of Eginton (1996). The strength 
of adhesion of EntD (-0.131) was less than Ent (-0.178) after 15 mm. Therefore the 
strength of adhesion may be related to the physical properties of the EPS and the 
amount of EPS present. 
7.4.2 CONTROL OF EPS PRODUCTION 
To investigate EPS production by the three species at different stages in their growth 
cycles, liquid cultures were examined using total CHO and protein measurements. 
KlebGl and Serr87b increased EPS production in early stationary phase, whereas 
EntGFP began production earlier, in late exponential phase. The role of EPS as a 
receptor in specific interactions has already been discussed (Chapter 5). We will 
now concentrate on other aspects of EPS in single and dual species bioflim 
development. One method to determine the function of EPS in biofilm formation 
(both single and dual species) is to specifically increase EPS production. Hughes 
(1997) has previously demonstrated that treatment with some antibiotics, such as 
nalidixic acid, can cause some bacteria to increase EPS production. Different growth 
conditions, with altered C:N or addition of antibiotics into the growth medium, were 
used to attempt to alter EPS production. The amount of carbohydrate (BPS) 
produced per bead (altered C:N) or coverslip (antibiotics) was measured using a total 
carbohydrate assay (Table 23). This was correlated with the amount of protein using 
the biorad bioassay and viable counts to give values of CHO cell' (Table 24). 
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Total CHO (jig glc) 	mixed 
per bead or coverslip 
Control coverslip 	 96.7 (4.1) 
Streptomycin (10 jig mt') 	111.7 (7.2) 
Nalidixic acid (10 jig m1') 139.3 (2.8) 
KIebGl 	EnIGFP 
single species single species 
104.5(l.6) 143 (8.3) 
110.7(l.8) 131 (4.2) 
100.5(2.8) 179(3.9) 
Control bead 1.13 (0.19) 4.66 (0.34) 0.83 (0.21) 
low N(1 %N, 1 %glucose) 1.86(0.21) 5.37 (0.28) 4.43(o.12) 
High C(2 % glucose) 2.32 (0.23) 7.48 (0.51) 3.82 (0.19) 
Table 23 - Measurement of EPS production using the total carbohydrate assay with the 
addition of sub-MICs of antibiotics or altered C:N. All samples were the mean of 4 
replicates, SE in brackets. 
Ratios CHO (jig): Protein (jig) bead' I coverslip' 	jig CHO cell' 
mixed 	KIebGl (ss) 	EntGFP (ss) 	KIebGl 	EntGFP 
Control coverslip 8.4: 12.4 10.8: 30.1 14.3 : 2.2 8.3 x 10 8.17 x 10 
Streptomycin 7.9: 14.1 11.1 	: 5.7 13.1 : 2.4 1.3 x 10 8.45 x 10 
Nalidixic acid 10.7: 13.8 10.1:9.2 17.9: 	1.1 8.4x10 5 1.74x10 4 
Control bead 7.8 : 6.9 4.7: 9.3 5.0: 0.9 9.5 x 10 9.12 x 10 
low  2.8 : 6.9 5.4: 4.7 26.6: 2.1 1.5 x iø 1.23 x 10 
High C 3.8: 1.2 7.5 : 0.9 22.9: 1.7 5.8 x 10 6.92 x 10 
Table 24 - The effect of sub-MICs of antibiotics or altered C:N on EPS production by 
EntGFP and KiebGl dual and single species biofilms. Ratios measured using the total 
carbohydrate assay and Biorad protein assay and correlated with CHO per cell using viable 
counts. All samples were the mean of 3 replicates. 
This showed that the amount of EPS produced with both high carbon or low 
nitrogen levels caused increased EPS production by single and dual species biofilms 
of KlebGl and EnGFP. For KlebGl single species biofilrns, streptomycin and high 
glucose or low nitrogen caused an increase in BPS production, whereas nalidixic acid 
did not cause increased BPS production. By contrast, nalidixic acid caused an 
increase in BPS production in EntGFP but streptomycin did not. Similarly, high 
carbon, low nitrogen levels in the growth medium caused an increase in BPS 
production by Ent and this effect was greater than in KlebGl. 
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There were similar amounts of EPS produced whether the biofilms were 
grown on glass coverslips or glass beads 
(Cm-2),  suggesting that bioflims grown 
under either of these growth conditions produced similar quantities of EPS. When 
CHO was correlated with protein and cell numbers, EPS production by Eii> mixed 
> KlebGl. With low nitrogen, lower cell numbers occurred, therefore there were 
similarly low protein levels, but the CHO levels were still higher than controls for 
both single species and the dual species bioflim. High glucose levels led to higher cell 
numbers and even higher carbohydrate levels. This effect was more noticeable in Ent 
than in KlebGl. The amount of carbohydrate per cell showed a 21 fold increase for 
En! EPS in the presence of nalidixic acid, 8 times increase in high glucose and a 13 
times increase under low nitrogen conditions. KlebGl showed a 16 fold increase of 
EPS production in the presence of streptomycin, 40 % decrease in the presence of 
high glucose levels and a 1.6 fold increase with low nitrogen. So streptomycin 
selectively increased EPS production by KlebGl, nalidixic acid selectively increased 
EPS production by Ent and high carbon or low nitrogen levels increased EPS 
production by both species. Therefore, the two antibiotics allowed EPS production 
to be increased by either/both species in dual species biofilms. The low nitrogen 
levels used inhibited growth and led to lower surface coverage. Maximal EPS 
production therefore occurred under low nitrogen and high carbon growth 
conditions. 
7.4.3 EPS PRODUCTION IN SINGLE AND DUAL SPECIES BI0FILMS 
The ability to selectively or non-selectively increase EPS production allowed the 
effects of EPS on adhesion to be examined (Table 25). Increased EPS production by 
KiebUl (streptomycin and high C:N) caused a slight decrease in adhesion of EnIGFP 
to it, perhaps because the structures on the surface necessary for adhesion were then 
hidden or the physical properties of the EPS discouraged coadhesion. Increased EPS 
production by En! (nalidixic acid or high C:N) caused an increase in KlebGl 
adhesion to it, particularly when surface coverage was lower, perhaps because the 
EPS altered the conditioning film. Therefore, high levels of EPS may reduce 
adhesion by interfering with specific adhesins on the surface of the same bacterial cell 
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but may conversely increase adhesion through their physical properties and 
adhesiveness. 
Conditions of EntGFP adhesion to KlebGl KlebGl adhesion to EntGFP 
Basal species 	RFU 	SE 	A570 	SE 
High glucose 171 18 0.248 0.007 
Low nitrogen 178 3 0.369 0.013 
Nalidixic acid 169 7 0.399 0.016 
Streptomycin 165 15 0.251 0.033 
Table 25 - Adhesion of EntGFP and KIebGl to their partner following treatment to increase 
EPS production of the basal species using altered C:N and antibiotics. EntGFP adhesion 
was measured on a Perkin Elmer LS 50B fluorimeter and KiebGl adhesion was measured 
after regrowth on a Beckman MR 5000 plate reader. Controls: adhesion of EntGFP to Ent 
monolayers = 161 RFU; adhesion of K!ebGl to KIebGl monolàyers = 0.301 A570. SE 
indicated where n = 84. 
To examine whether the amount of EPS produced in single and dual species biofilms 
differed, total carbohydrate assays were carried out on glass beads grown in batch 
culture and glass coverslips grown in continuous flow culture (Table 26). 
A490 Glucose CFU 	CHO (.tg 	CHO cell' (gig 
equivalents 	 glucose) glucose) 
Batch culture bead' bead' 
Ent 0.127 7.06 .tg 8.5 x 104 3.78 (0.5) 4.4 x 10 
KlebGl 0.074 4.11p.g 8.3x10 4 1.21(0.2) 1.5x10 5 
Mixed 0.137 7.61 p.g 4.0 x 10 0.61 (0.3) 1.5 x 10 
Continuous culture coverslip' coverslip' 
Ent 0.129 7.2 2.6x 10 7 60.3 (2.1) 2.4x 10 
KlebGI 0.188 10.4 4.8 x 10 7 87.9 (4.6) 1.8 x 10 
Mixed 0.321 17.8 6.5x10 7 150(11.2) 2.5x10 
Table 26 - Amount of EPS produced in dual and single species biofilms in batch and 
continuous flow culture. Measured following viable counts and total carbohydrate assays. 
All samples were the mean of 3 replicates, SE indicated in brackets. 
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The amount of CHO per cell for bioflims grown in batch culture was highest 
for Ent single species, then KlebGl single species but approximately I log less for 
mixed species biofilms. In batch culture the amount of EPS produced per cell was 
lower in dual species biofilms than in single species bioflims. This could be because 
when nutrients were limited, dual species biofilms channelled their energy to growth 
and division rather than EPS production. The amount of EPS necessary for 
irreversible attachment may be lower for dual species biofilms as they could adhere 
irreversibly through specific adhesin receptor interactions. In continuous flow 
culture, dual species biofilms showed higher levels of EPS production. But the 
amount of EPS per cell was similar to the two single species biofilms. This suggested 
that the altered properties of cooperative dual species biofilms were not a result of 
increased EPS production by the contributors. It may be possible that one or both 
species discourage EPS production by the other, or that one species contributes 
more EPS to mixed species bioflims. This would affect EPS proportions within dual 
species bioflims. 
7.4.4 UNEQUAL CONTRIBUTION 
In dual species biofilms, the role of each EPS was investigated using degradative 
enzymes specific for one polymer. To investigate the contribution of Ent EPS to 24 h 
biofilm structure, phage enzyme was used to selectively remove that component. 
Single and dual species biofilms grown on glass beads were treated with Ent specific 
depolymerase for 5 and 30 mm. The results (Figure 20) showed that both species 
were removed from dual• species biofilms. This may be related to their close 
proximity within microcolonies and removal of one component led to rapid 
degeneration of the entire biofilm. Alternatively, it could be because Ent contributed 
more EPS to the mixture. To measure the amount of each type of EPS in dual 
species biofllms, two different approaches were used: phage enzyme degradation; 
and measurement of the monosaccharide constituents by HPLC. Biofilm EPS was 
isolated by harvesting from glass beads, the beads were rinsed 3 x in PBS and 
vortexed vigorously. The material was dialysed for 48 h, centrifuged at 10 000 x g 
for 15 min and lyophilised. A high yield of approximately 50 mg biofilm EPS was 
obtained from 250 g, 4 mm diameter glass beads. Isolation of these quantities of EPS 
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allowed the degradation of mixed biofllm EPS to be compared with EPS isolated 
from En! using Ent phage enzyme and reducing sugar assays. En! EPS or mixed 
species bioflim EPS (2 ml 5 mg ml- ') were mixed with 2 ml phage enzyme and 
incubated at 30 T. Release of reducing sugar was assessed in samples taken at 1, 2, 
4, 6 and 24 h (Table 27) according to the method of Park & Johnson (1956). The 
reducing sugar released from the mixed bioflim EPS was expressed as a % of the 
control, En! EPS. This showed that 81 % of the dual species bioflim EPS derived 
from Ent but only represented 45 % of the bioflim cells, which suggested Ent 
contributed more EPS to these dual species bioflims. 
Degradation 
time (h) 
Control (A690) 
EPS only 	Experimental 
Release of 
Reducing sugar 
% 
En! EPS 
EntEPS 
0 1.285 (0.001) 1.301 (0.013) 
1 1.288 (0.011) 1.371 (0.029) 0.067 100 
2 1.289 (0.013) 1.460 (0.011) 0.155 100 
4 1.281 (0.005) 1.493 (0.014) 0.196 100 
6 1.285 (0.002) 1.480 (0.001) 0.179 100 
24 1.157 (0.062) 1.363 (0.013) 0.190 100 
Mixed bioflim EPS 
0 0.789 (0.007) 0.957 (0.010) 
1 0.737 (0.003) 0.948 (0.007) 0.043 64.2 
2 0.644 (0.004) 0.948 (0.007) 0.136 87.7 
4 0.648 (0.006) 0.972 (0.005) 0.156 79.6 
6 0.636 (0.008) 0.948 (0.027) 0.144 80.4 
24 0.428 (0.011) 0.770 (0.025) 0.174 91.6 
mean 80.7 
Table 27 - Degradation of Ent EPS and EPS isolated from dual species biofllms by Ent 
phage polysaccharide depolymerase, measured using a reducing sugar assay. SE where n 
= 3. 
This was confirmed using HPLC. Comparison of KlebGl and Ent EPS hydrolysates 
showed that both contained glucose, galactose and rhamnose, but only KlebGl 
contained mannose. This allowed the proportion of Ent and KlebGl EPS in dual 
species bioflims to be measured (Table 28). 
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EPS 	 Rhamnose Glucose 	Galactose Mannose 
KlebGl 1 2.75 1 0.75 
mgmt' 0.102 0.279 0.109 0.075 
EntGFP 0.1 1 0.75 0 
mgmft 0.011 0.088 0.118 0 
Mixed 0.15 1 0.4 0 
mgmlT' 0.015 0.108 0.044 0 
Mixed (2) 0.4 1 1.5 0.05 
mgmf 1 0.008 0.03 0.02 0.001 
Table 28 - Comparison of sugar constituents in Ent and KIebGl EPS hydrolysates, and 
EPS isolated from cooperative dual species biofilms. Analysed on a Dionex HPLC, with a 
Carbopac PAl column and pulsed amperometric detector, with post column addition of 0.5 
M NaOH (6 ml min'). Results are presented as concentrations (mg mr 1 ) and as ratios of 
sugar constituents. K!ebGl and Ent were the mean of 2 replicates and both replicates are 
presented for the mixed biofllm EPS. 
This showed the ratios of sugar constituents in the mixed bioflim EPS lay closer to 
En! EPS than KlebGl EPS. The higher levels of glucose in the mixed (2) sample may 
be due to contamination with intracellular glycogen. This suggested that Ent 
contributed the majority of EPS to dual species bioflims, even though each species 
was capable of synthesising an EPS. Therefore, the properties of the dual species 
biofilm will be governed more by En! EPS, a neutral insoluble polysaccharide, than 
by KlebGl EPS, a negatively charged soluble polysaccharide. KlebGl could benefit 
from the presence of excess En! EPS, as it probably contributed greatly to the 
adhesive nature of mixed microcolonies. It was not clear whether KlebGl stimulated 
Em EPS synthesis, En! inhibited KlebGl EPS synthesis or whether it simply reflected 
the inherent ability of Ent to produce more EPS per cell. 
When Ent cell supernatant was added to KlebGJ in flasks with beads, total 
CHO assays showed production of EPS by KlebGl was decreased by 30 %. This 
could be because the waste products of Ent metabolism inhibited growth of KlebG] 
and decreased growth rate could lead to decreased EPS production. Alternatively, a 
diffusible signal from Ent may lead to suppression of genes for EPS synthesis in 
KlebGl. This may be a mechanism by which Ent takes over EPS production in mixed 
species bioflims. 
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7.4.5 RHEOLOGICAL INTERACTIONS 
The rheological interactions between EPS in mixed bioflims may lead to a solution 
with different properties, such as increased viscosity and gelation (Allison & 
Matthews 1992). The interactions between Ent and KlebGl EPS were investigated 
by measuring their viscosity on a LVTD digital viscometer (Brookfield, Stoughton, 
MA, USA). As Ent EPS was insoluble in H20, dimethylsulphoxide (DMSO) was 
used as the solvent for both KlebGl and Ent EPS. KlebGl EPS was fully soluble in 
DMSO and Em' EPS was partially soluble (0.8 mg ml'). The viscosity of 2 ml 
volumes of each EPS were measured using a spindle speed of 60 rpm. 1 ml of both 
types of EPS were then mixed and their viscosity measured over time (Figure 54). 
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Figure 54 - Viscosity of Ent and KIebGl EPS, or mixtures of the 2 dissolved in OMSO and 
measured on a digital viscometer (Brookfield, Stoughton, MA, USA). 3 ratios of EPS 
mixtures were examined. 
This showed that, when mixed in any of the three ratios tested, EPS viscosity 
increased over time to a higher level than either EPS individually. This may suggest 
the EPS do interact, changing their gross physical properties and the properties of 
the mixed polymers may be beneficial to the biofilm. This could partially explain the 
enhanced resistance to disinfection of this interesting cooperative dual species bioflim 
(Skillman et al., 1997). Rheological interactions between EPS from Pseudomonas 
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cepacia and Pseudomonas aeruginosa have also been shown to decrease diffusion 
and antibiotic susceptibility (Allison & Matthews 1992). 
7.5 ROLE OF EPS iN RESISTANCE 
It has been suggested that EPS contributes to bioflim resistance (Stickler 1997) by 
providing a barrier to diffusion and through reaction with some antimicrobials. The 
decrease in diffusion caused by EPS and the effects of increased EPS production on 
biofilm resistance were examined. In addition, EPS may also protect the bioflim from 
removal by surfactants and phage enzymes. 
7.5.1 REDUCTION IN DIFFUSION 
The reduction of diffusion of antimicrobials through EPS was measured using 
EnIGFP bacterial suspensions in EPS solutions, enclosed by small diameter dialysis 
tubing. 10 mg ml' solutions of KlebGl or Ent EPS were used or a 1:1 mixture of the 
two. The reduction in viability of cells after incubation for 24 h in the presence of 
disinfectants or antibiotics was measured (Table 29). Two controls were included, 
firstly no antimicrobial to check that the EPS did not enhance growth through 
utilisation as a carbon substrate, and secondly no EPS for comparison of diffusion 
properties. 
(Total CFU remaining) No EPS KlebGl EPS Ent EPS Mixed EPS 
24 h water 80 x 106 83.0 x 106 60.0 x 106 81 x 106 
Streptomycin 100 ug nil' 0 2.3 x 103 5.6 x 103 1.4 x 10 
Carbenicillin 75 100 ug ml' 1.7 x 106 4.2 x 106 4.0 x 106 4.1 x 106 
HCdis. 200 100 p.gnil' 2.7x 4.11 x iø 5.62x 105 1.6 x10' 
Ethanol 10% 7.3x105 2.12x106 2.02x106 1.1x106 
Table 29 - Diffusion of disinfectants and antibiotics through EPS of KIebGl or Ent or a 1:1 
mixture of the two. Protection by the EPS was measured by survival of EntGFP cells after 
24 h incubation. 
KlebGl EPS, Ent EPS and mixtures of Ent and KlebGl EPS afforded protection 
from streptomycin, with 3 log higher viable cell numbers as in the absence of EPS. 
Marginally better protection occurred for Ent EPS > KlebGl EPS > mixed EPS. 
KlebGl and Ent EPS or a mixture of the 2 also protected from carbenicillin, with a 2 
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fold increase in viable cell numbers following treatment compared to the control. 
Similarly with the hypochlorite based disinfectant, EnIGFP resistance was 2 x higher, 
with protection of Ent EPS > KlebGl EPS > mixed EPS. Ethanol was also 
approximately 1 log less effective when EPS was present. Therefore, KlebGl EPS 
could protect EntGFP and Ent EPS could protect KlebGl from disinfection in dual 
species bioflims. Ent EPS appeared to consistently provide the best protection from 
the antimicrobials tested. This could be related to the physical and chemical 
properties of Ent EPS. The mixture of EPS led to slightly less protection than either 
EPS individually. This may be because rheological interactions altered the viscosity 
and consequently diffusion through the EPS. The amount of EPS produced may 
contribute to increased resistance but it was unlikely that the effect of mixing the 
EPS or rheological interactions were responsible for the increased resistance of dual 
species bioflims. 
7.5.2 INCREASED EPS PRODUCTION 
To examine whether the amount of EPS production affected bioflim resistance to 
disinfection, altered C:N ratios were used to non-selectively increase EPS 
production. The removal of EntGFP from single and dual species bioflims was 
measured after 5 min treatment with 10 % ethanol. The removal of EntGFP from 
single and mixed species biofilms was 20 % less when EPS production was 
increased using high carbon levels, for both single and dual species biofllms. Removal 
of cells by QAC was also shown to be 24 % lower for both single and dual species 
bioflims when EPS production was non-selectively increased. This suggested that 
increased EPS production did protect biofllm cells from removal by 
disinfectants/ detergents but the effect was not greater in dual species bioflims. EPS 
may contribute to the resistance of biofilms but probably did not explain the 
enhanced resistance of dual species bioflims. To examine the effect of both types of 
EPS on resistance, EPS production was then selectively increased using antibiotics 
and the resistance to various disinfectants was measured by viable counts (Table 30). 
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(CFU MM-2) 	KIebGl ss Entss 	KlebGl in Ent in 
C 1.1x104 6.2x104 4.8x104 5.6x104 
NA 4.6x102 5.0x103 2.1x102 1.8x102 
S 4.0 x 104 6.4 x 103 4.3 x 10 6.4 x 104 
Ethanol 	C 1.0x102 8.1x102 1.0x103 1.3x103 
NA 2.5x10' 1.0x103 1.0x10 0 
S 1.5x103 4.0x102 5.6x103 1.1x103 
QAC 	C 8.0 5.5x102 7.1x102 5.1x102 
NA 0 0 0 0 
S 2.8x102 2.0x102 1.9x102 1.6x102 
HC-dis 	C 6.7x 102 lix 103 3.1x iø 4.5x 10 
NA 4.3x10 1.5x103 5.5x10 1.5x102 
S 3.8x103 1.6x102 3.0x103 5.6x10 1 
Table 30 - Resistance of single (ss) and mixed (m) species biofllms of EntGFP and KIebGl 
to ethanol, a quaternary ammonium compound (QAC) and a hypochiorite based 
disinfectant (HC-dis), following treatment with nalidixic acid (NA) and streptomycin (S) to 
selectively increase EPS production. Viable counts were compared with controls (C) and all 
samples were the mean of 3 replicates. 
In all three controls the surviving numbers in the mixed bioflim were greater than in 
the single species bioflims. Nalidixic acid caused increased EPS production by Ent, 
streptomycin caused increased EPS production by KlebGl. In single species bioflims, 
Ent gained protection from ethanol and a hypochiorite based disinfectant when its 
EPS production was increased. In single species biofilms, KlebGJ gained protection 
form ethanol, QAC and hypochiorite when its EPS production was increased. When 
EPS was selectively increased in dual species bioflims, Ent gained protection from 
the hypochlorite disinfectant compared to the control, but the increased resistance 
was lower than the effect of increasing EPS production in single species biofilms. 
KlebGl gained protection from all three disinfectants when its EPS production was 
selectively increased in dual species bioflims. The effect of increased EPS production 
on additional resistance was slightly lower in dual species biofilms. The exception to 
this was ethanol, where KlebGl gained significantly higher resistance when EPS 
production was increased in dual species bioflims. Increased EPS production by one 
species could protect itself from disinfection and, to a lesser extent, other species. 
170 
7. ROLES OF EPS 
7.5.3 PHAGE ENZYME REMOVAL 
To investigate whether increased EPS production by one or both species protected 
cells in dual species bioflims from attack by specific bacteriophage enzyme, the % 
reduction in cell numbers after treatment with phage enzyme was measured (Table 
31). Increased BPS production by Ent using nalidixic acid did not benefit either 
species from removal by phage enzymes. When EPS production by both species was 
increased using altered C:N ratios, both were also removed as effectively. However, 
when KlebGl EPS production was selectively increased by including streptomycin in 
the growth medium, its protection from removal was 60 % greater and slightly 
improved EntGFP protection simultaneously. This suggested that the reason that Ent 
phage enzyme could effectively remove both species from dual species biofilms was 
that Ent contributed the majority of EPS. 
% remaining 
Ent (dual) 	KIebGl (dual) 
Control 	 4.9(0.4) 	 2.9(0.1) 
Nalidixic acid 	 3.8 (0.6) 0.06 (0.01) 
Streptomycin 5.6(0.2) 	 65.4(l.8) 
2%glucose 	 4.0(0.1) 2.7(0.9) 
Table 31 - Removal of dual species biofilms by phage enzyme, following treatment to 
specifically or non-specifically increase EPS production. Presented as % of cells remaining 
following viable counts. Each sample was the mean of 3 replicates, SE in brackets. 
7.5.4 SURFACTANTS 
To investigate if EPS played a larger role in protection from removal rather than cell 
death, the removal of EntGFP from single and dual species biofilms using a 
surfactant was measured (Table 32). EPS production was increased as before using 
high carbon ratios and the bioflims were treated with sub-MIICs of SDS between 0.01 
and 0.005 ltg ml 1 . 
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Control (SE) 0.2 % SDS (SE) 	% removal 
Ent single species 213 (0.14) 157.2 (0.07) 	49.4% 
Increased glucose (2 %) 203 (0.09) 161.3 (0.089) 40.5% 
Ent mixed 204 (0.117) 162.5 (0.060) 	39.9% 
Increased glucose (2%) 198 (0.13) 163.5 (0.09) 35.2% 
Table 32 - Removal of EntGFP from single and dual species biofllms using 0.2 % SDS, 
with different levels of EPS production. Measured using fluorescence on a Perkin Elmer LS 
508 fluonmeter. SE where n = 48. 
This showed that EntGFP gained protection from cell removal by SDS when EPS 
production was increased. Dual species biofilms were removed less effectively by 
SDS, the greatest level of protection was shown by dual species bioflims grown in 
high (2 %) glucose. EPS played an important role in protecting single and dual 
species biofilms from removal. The inherently higher resistance of dual species 
biofilm cells could then lead to increased survival and further dissemination. 
7.6 DISCUSSION 
The majority of EPS are soluble in water, but some EPS are virtually insoluble (such 
as Ent EPS) or form rigid gels when in an ordered form. Polysaccharides of this type 
are likely to be effective in holding biofllms and components together (Sutherland 
1997a). Adhesive polymer synthesis may be necessary for irreversible attachment and 
may be induced by attachment or proximity of the substratum. EPS may promote 
adherence of mucoid microorganisms to various substrata, but equally, possession of 
mucoid properties is not synonomous with adhesive properties. EPS has been 
implicated in microcolony formation on surfaces (Allison & Sutherland 1987). The 
increased resistance of biofilm bacteria to disinfectants and antibiotics has often been 
linked to the EPS matrix which provides a diffusion barrier. The decreased diffusion 
could be because EPS production is increased in biofilms or because bioflims 
produce different types of EPS (bioflim-specific EPS). The use of END, the ability to 
selectively or non-selectively increase EPS production and specific polysaccharide 
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depolymerases were useful to determine the function of EPS in biofllm formation and 
resistance. 
EPS appeared to play a role in the initial stages of coadhesion, both as a 
receptor and through its physical properties and adhesiveness. When EPS production 
was increased by EnGFP using high carbon in the growth medium, it attached better 
to KlebGl. However, excess EPS production by KlebGl decreased coadhesion with 
Em, perhaps because the adhesins were obscured. EntD also had decreased 
coadhesion to KlebGl and lower strength of adhesion than Ent. Bioflims of EntD 
formed fewer microcolonies. This suggested EPS was important for irreversible 
attachment and microcolony formation. Examination of EPS production in dual 
species biofilms in batch culture showed that EPS production was not higher than in 
single species bioflims, perhaps because energy was channeled to growth and division 
rather than EPS production. Alternatively, less EPS may be necessary for irreversible 
adhesion in dual species biofilms because specific mechanisms of adhesion were also 
present. In continuous flow culture, more EPS was produced by dual species bioflims 
but a similar amount of EPS per cell was produced as in single species biofilms. As 
EPS production was not significantly increased in dual species bioflims, this did not 
provide an explanation for their enhanced resistance to disinfection. 
Most evidence suggested that the strains did not produce bioflim-specific 
EPS. EPS isolated from Em single species biofilms was degraded as effectively by 
Em phage enzyme. Ent EPS grown in liquid/ solid seemed to differ in physical and 
adhesive properties but as both EntS and EntL EPS were degraded by enzyme, they 
were unlikely to differ in main backbone constituents. High amounts of molecular 
information would be necessary to produce biofllm specific polysaccharides. It seems 
likely that if biofilm-specific polysaccharides do occur, they differ in additional 
constituents which affect physical properties rather than monosaccharide 
components. 
To examine whether both species produced equal amounts of EPS in dual 
species bioflims, HPLC and phage enzyme degradation of the mixed bioflim EPS 
were compared. This showed that Ent contributed more EPS to dual species 
bioflims, > 90 % as opposed to 45 % of cells. KlebGl could benefit from the 
presence of excess Em EPS, as it was insoluble and probably contributed to the 
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adhesive nature of mixed microcolonies and possibly biofllm resistance. It was not 
clear whether KlebGl stimulated En! EPS synthesis, En! inhibited KlebGl EPS 
synthesis or whether it simply reflected the inherent ability of Ent to produce more 
EPS per cell. Preliminary results suggested EPS production by Ent was increased in 
liquid cultures of EntGFP when KlebGl supernatant was added. As Ent EPS made 
up > 90 % of the EPS this may explain why phage enzyme removed both species 
from dual species biofilms. EPS proportions in mixed bioflims may be altered if the 2 
types of EPS interact. There was some evidence that En! and KlebGl EPS interacted 
which could result in stronger attachment, but diffusion through the mixed polymers 
was shown to be higher. 
Although the inherent resistance of cooperative dual species bioflims was not 
due to increased EPS production, EPS could further modify their resistance. EPS 
solutions decreased diffusion of disinfectants and antibiotics and reduced their 
effectiveness. En! EPS caused the best inhibition and the majority of the dual species 
bioflim matrix consisted of En! EPS, this could partially explain their increased 
resistance. Following treatments to selectively or non-selectively increase EPS 
production it was shown EntGFP and KlebGl in single and dual species biofllms 
gained some protection from ethanol, a hypochlorite based disinfectant and QAC. 
Although both types of EPS decreased diffusion and increased protection of liquid 
cultures, rheological interactions seemed to increase diffusion. When KlebGl EPS 
production was selectively increased using streptomycin, its removal from dual 
species bioflims by phage enzyme was significantly reduced and it also provided 
some protection to Ent. When EPS production was selectively or non-selectively 
increased, it also protected from removal by SDS. Therefore, the contribution of 
higher amounts of En! EPS may affect cooperative dual species biofllm resistance 
and be involved in the continued development of biofilm resistance, but other factors 
were also undoubtedly important. 
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8.1 IMPORTANCE 
Bacteria occur most commonly in naturally adherent populations termed bioflims. 
Bacteria prefer to reproduce on available surfaces rather than in the liquid phase and 
it has been estimated that > 99 % of all bacteria live in biofllm communities 
(Costerton et al., 1978). This in itself would be unremarkable but the resistance of 
these biofilm bacteria are profoundly different to their planktonic counterparts, which 
makes the removal of recalcitrant bioflims more difficult. In food processing 
environments, spoilage or pathogenic micro-organisms can attach to surfaces, 
proliferate in microcolonies and biofilms form over time. Attached bacteria are a 
potential source of contamination and may cause food spoilage or transmission of 
diseases (Carpentier & Cerf, 1993). Many studies on biofilms have concentrated on 
their removal and disinfection as well as the reasons for their increased resistance in 
the hope that a better understanding would lead to more effective treatments. 
Much biofilm research has concentrated on single species bioflims but 
bioflims in most natural and industrial environments are complex communities 
consisting of more than one microbial species. Despite the ubiquity of mixed species 
biofilms, few examples have been extensively studied, with the exception of oral 
biofilms and degradative consortia. The development of microbial communities may 
enhance adaptation by permitting a high diversity of organisms to develop in a broad 
range of micro-environments (Atlas & Bartha, 1998). Mixed species bioflims are 
often thicker and more stable than the monospecies equivalents. The characteristics 
of bioflim growth, where cell positions are relatively stable and there are local areas 
of hindered diffusion, suggest that interspecies interactions may be more significant 
in bioflims. In addition, the concepts of multicellularity, whereby bacteria have 
evolved a number of strategies based on cell-cell communication as an alternative to 
their unicellular nature, may be important in bioflims. It has been argued that for 
prokaryotes, the reproductive success of a single cell line may be tightly linked to the 
success of the group as a whole, and that the microbial community is the unit of 
selection rather than individual microbial species. Microbial interactions may have a 
profound influence on biofilm formation and structure and may further influence 
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bioflim resistance. A more thorough understanding of such interactions and their 
effects may lead to better predictive powers and treatment. 
Enterobacterial species isolated from an industrial bioflim were chosen for 
study not only because of their bioflim forming ability but also because of their 
common occurrence and their relevance to the food industry. The Enterobacteriaceae 
are a large family encompassing some distantly related species. Enterobacter 
agglomerans alone form a complex group of bacteria which are difficult to 
distinguish. Enterobacterial species are ubiquitous in the natural environment. The 
strains used were probably of widespread occurrence because specific bacteriophage, 
particularly for Ent, were often found in sewage effluent. It was of interest to 
determine if these naturally occurring bioffim bacteria interacted in similar ways to 
those previously reported for oral bacteria. 
EPS are extremely important as they can constitute more than 95 % of the 
biofilm biomass. The production of extracellular polymers is pivotal to community 
development on surfaces because it provides an interface between the cell and the 
external environment, influencing rates of chemical exchange and availability of 
nutrients and facilitating the creation of microniches. The EPS matrix may allow 
cross-feeding between populations and provide refuge from environmental stresses. 
Biofilm organisms may benefit in the attached mode of growth through protection 
provided by the EPS matrix against outside perturbations. The difficulty in obtaining 
non-destructive methods and large enough quantities of bioflim EPS for analysis has 
meant that relatively few studies have been undertaken, despite their importance 
(Lawrence et al., 1995). Unfortunately the few studies which have been carried out 
have often concentrated on alginate produced by Ps. aeruginosa, leading to the false 
impression that all bacterial EPS resemble alginate. Instead, we have concentrated on 
the EPS from ubiquitous, naturally occurring strains and determined their role in both 
biofllm formation and resistance. This has been facilitated by the use of EPS-deficient 
mutants and phage I enzymes for investigation in a specific manner. The growth of 
biofilms on glass beads was also useful to isolate relatively large' quantities of mixed 
biofilm EPS for further analysis. If the role of EPS in adhesion was better 
understood, prevention of bioflim formation may become possible and anti-EPS 
treatment may lead to effective bioflim removal. Generalisations about the function 
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of EPS may not be possible because of the huge variation in their structures and 
physical properties. EPS may therefore have different functions in different biofilms 
and under different growth conditions. 
The various techniques previously used to differentiate between bacteria in 
mixed species biofilins have often been limited to one method of examination; the 
development of new methods using GFP overcame this problem. Elvers etal. (1998) 
used the colonial morphology of strains to identify separate species following plate 
counts, but this did not allow their spatial distribution to be examined 
microscopically. Lux bioluminescent plasmids have been used to report on the 
viability of component micro-organisms, but single cell resolution is then limited. 
Various specific labelling techniques have also been used to label different species 
simultaneously, but only for microscopic examination (Camper et al., 1996; Dalton et 
al., 1997; Stewart et al. 1997). We have shown GFP could be used to examine cells 
in many different ways and was therefore developed as a specific marker to allow the 
fate of different species in mixtures to be evaluated. A stable plasmid was introduced 
into two strains, allowing cells to be quantified by: viable counts, using UV 
illumination of the plates; fluorescence; and microscopy to examine their spatial 
temporal distribution. In addition to ease of analysis, the other main advantage of 
GFP was that it required no substrates or cofactors for activity. 
8.2 INTERACTIONS IN MIXED SPECIES BIOFILMS 
Microbial interactions are commonly classified based on the effect of the interaction 
on each population in a binary system. The enterobacterial species studied interacted 
in different ways. The most common interactions were competitive, where one 
species dominated the bioflim to the detriment of the another. This probably resulted 
from the competitive strains higher growth rates and exploitation of the nutrient 
resources. The species may have competed for nutrients and/ or space on the 
substratum. Under different nutrient conditions, the balance may alter. Competitive 
interactions may be beneficial to gain a foothold in harsh environments. Bacteria first 
gaining access to newly exposed surfaces may physically exclude a potential 
competitor organism and may enjoy significant advantages with respect to position 
and utilisation of adsorbed substrates. They may then discourage the attachment of 
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another species. Micro-organisms that produce substances toxic to competing 
populations will naturally have a competitive advantage; this type of relationship is 
termed ammensalism or antagonism. Some antagonistic bacterial species produce 
inhibitory compounds such as bacteriocins. To investigate if any of the strains we 
used produced any inhibitory compounds, their supernatants were tested for 
antibacterial activity, as none was evident, it was unlikely that the competition was a 
result of antagonism. 
Neutralism occurs when neither population is affected by the presence of the 
other. Because it is a negative proposition, it is difficult to demonstrate 
experimentally a total lack of interaction between two populations. Thus, examples 
for neutralism describe cases where interactions, if any, are of minimal importance. 
Serr87b and E. coliGFP did not increase or decrease each other's growth or 
attachment, but stably coexisted. The neutral interactions could have reflected their 
equal growth rates. They formed spatially separate microcolonies so were unlikely to 
interact through surface based macromolecules. The neutral biofilms did not gain any 
added resistance from disinfection compared to single species bioflims. 
In a commensal relationship, one population benefits while the other remains 
unaffected. Commensalism often results when the unaffected population, in the 
course of its normal growth and metabolism, modifies the habitat in such a way that 
another population benefits because the modified habitat is more suitable to its needs. 
A relationship of synergism or cooperation between two microbial populations 
indicates that both populations benefit from the relationship but the association is not 
obligatory. EntGFP and KlebGl showed increased attachment and/ or growth in 
dual species biofilms compared to single species biofilms. They grew better together 
than apart which suggested they interacted in some way leading to cooperation 
which was beneficial for both species, rather than commensalism. A similar 
synergistic dual species biofilm system has also been reported by Jones & Bradshaw 
(1997) where the level of attachment of S. epidermidis was higher when a K 
pneumoniae species was already present. This suggests that such associations are not 
uncommon in naturally occurring biofilms and likely to be evolutionarily important. 
The two species cooperated, even when nutrients were in rich supply, so there may 
be an even greater advantage to cooperate under oligotrophic conditions. The 
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cooperation between EnIGFP and KlebGl occurred independently of the nature of 
substratum, whether plastic, glass or metal. The bioflims had altered properties such 
as increased strength of attachment and metabolic activity. This suggested that, 
where cooperative associations occurred, the biofllms differed significantly from their 
single species counterparts. The cooperative dual species biofllms also showed 
increased resistance to disinfection. These altered properties were not encountered in 
all dual species biofllms, but were linked to the occurrence of specific interactions. 
This has important implications for all systems where the removal of mixed species 
biofllms is necessary. The presence of associations between naturally occurring, 
ubiquitous bacterial species which alter their resistance mean that trials on 
monospecies biofllms are insufficient to test effective treatments. Mixed species 
biofllms may therefore provide a haven for continued infection or dissemination. 
Establishment of an organism in a biofllm composed of another species 
depended not on the growth rate of the organism but on the types of interactions 
which occurred. For example, an organism which could outcompete another when 
added simultaneously, showed poor integration when a biofllm of the other was 
already present. Where cooperative associations occurred, much higher integration 
ensued, indicating these interactions were beneficial to gain a foothold in a new 
environment. The types of interactions which occurred may differ profoundly under 
different nutrient conditions. For example, a partnership may be neutral when 
conditions are plentiful but compete when one or more nutrients become limiting. 
The interactions between species may be positive, negative or neutral and these 
different strategies subsequently affected biofllm formation. It would be beneficial to 
compete with other detrimental species and alliances may assist in the greater success 
of the cell line as a whole. The multitude of factors which may be involved in 
cooperative biofllm formation were therefore examined in more detail. Each stage in 
the development of this cooperative bioflim (initial events, microcolony formation 
and resistance) will be discussed in turn although they are continuous, interrelated 
processes. 
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Figure 55 - Diagrammatic representation of the factors which may be involved in 
cooperative dual species biofilm formation and development: a) initial adhesion; b) 
microcolony formation; and C) resistance. 
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8.2.1 INITIAL EVENTS IN COOPERATIVE BIOFILM FORMATION 
The initial events in coaggregation and coadhesion of EnGFP and KlebGl are 
outlined in Figure 55 a). The use of mutants, the removal of different components 
and the inhibition of adhesion allowed the relative importance of each factor in the 
development of cooperative dual species bioffims to be examined. The processes of 
attachment, surface colonisation and bioflim development involve interactions that 
are specific to biofilms and other aggregated microbial communities, in addition to 
classical microbial interactions. Enhanced growth was not evident in mixed liquid 
culture but the strains coaggregated when grown in liquid culture. The structures 
necessary for the specific interactions must be present in cells grown in liquid culture. 
Coaggregation in the liquid phase would lead to a reduction in the surface area 
exposed to nutrients, growth may consequently suffer and cooperative effects 
decrease. Cooperative growth in the biofilm mode of growth may have occurred 
because attachment stimulated the expression of proteins or adhesive polymers or 
because the close proximity in bioffims was essential for their cooperation. 
The adsorption of molecules to a surface (conditioning film) can have a 
significant effect on bacterial adhesion. Higher nutrient levels occur on the surface 
than in the bulk fluid and this may encourage the attachment of both species. KlebGl 
EPS could first condition the surface as it showed higher levels of EPS production in 
liquid culture. Following its attachment, Ent may increase EPS production and its 
hydrophobicity may encourage subsequent attachment by KlebGl. Ent showed 
higher levels of EPS production when grown on solid media, this may further 
encourage KlebGl attachment. The increased nutrient levels at the surface may result 
in increased EPS production by both strains following attachment, as high carbon 
levels were shown to lead to increased EPS production. Both types of EPS could 
overcome the repulsive energy barrier at the surface encouraging the attachment of 
other cells in the surrounding environment, of the same or different species. If EPS 
coat the substratum, possession of specific adhesins would further assist their 
attachment and it was shown that both species were capable of adhering to the EPS 
when no other cell constituents were present. 
182 
8. GENERAL DISCUSSION 
The close proximity of cells within microcolonies suggested surface based 
macromolecules formed the basis of their specific interactions. The inhibition of 
adhesion, measured using fluorescence and absorbance, suggested that both species 
possessed at least one type of proteinaceous adhesin which adhered specifically to 
sugars in the others EPS. Adhesive proteins on the outer surface of En1GFP and 
KlebGl adhered specifically to En! and KlebGl EPS respectively. The adhesive 
proteins were obtained by vortexing and their removal was correlated with decreased 
coaggregation. The adhesin responsible for KlebGl adherence to En!GFP may have 
been one or both of two possible candidates, a 36 - 45 kDa and a 60 kDa adhesive 
protein. Under flow conditions, the possession of adhesins may help to achieve 
irreversible adhesion. Coadhesion could be affected by the differential expression of 
these adhesive proteins and could in turn be affected by growth conditions. In 
oligotrophic conditions, increased expression of adhesins may be beneficial to exploit 
the higher nutrients at the interface. 
The increased coaggregation of KlebGl cog was unlikely to be due to 
increased EPS production, as increasing EPS production of K1ebGJ, using altered 
C:N ratios caused a decrease in coaggregation. Excess EPS production by KlebGl 
may have reduced adhesion to Ent because its adhesins were masked or because the 
physical properties of the EPS discouraged coadhesion. By contrast, coaggregation 
of KlebGJ to En!GFP increased when En! EPS production was increased, 
suggesting the physical properties of En! EPS were more important in coadhesion. 
The work with mutants also suggested that En! EPS was important in coaggregation 
because En1D, which had 20 % decreased EPS production, showed decreased 
coaggregation with KlebGl, even though it possessed enough EPS to act as a 
receptor. EPS adhesiveness may bring bioflim cells into closer proximity with each 
other. The increased strength of attachment of cooperative dual species bioflims at an 
early stage (15 minutes) suggested the interactions between species increased 
adhesion not only to each other but also to the substratum. The increased strength of 
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attachment was unlikely to be due to increased EPS production because of the short 
time scales involved. The cells in dual species bioflims may have required less EPS to 
adhere or maintain adhesion, due to the possession of additional specific adhesion 
mechanisms. Measurements of EPS production in batch culture supported this, as 
cells in dual species bioflims produced less EPS per cell than those in monospecies 
bioffims. In dual species biofilms, energy may be channelled to growth and division 
rather than EPS production. The increased adhesion to each other may have also 
resulted in the presence of more cells and greater collective adhesion. Neighbouring 
cells may be closer together in dual species biofllms leading to a denser bioflim and 
more stable consortia. The close proximity could then lead to altered gene expression 
through membrane embedded signalling molecules. As biofllm accumulation 
proceeded, stabilising interactions between species led to increased bioflim thickness 
and stability. 
8.2.2 MicRocoLoNY FORMATION 
Microscopic examination showed that cooperative dual species bioffims formed 
frequent microcolonies earlier in their development. It has been suggested that BPS is 
more important in microcolony formation and biofilm development rather than the 
initial adhesion stages (Allison & Sutherland, 1987). We have shown BPS was 
important in the early stages in cooperative biofilm formation both as a receptor and 
through the mediation of its physical properties, but its role in maintaining the 
structure of the biofllm and in microcolony formation was also confirmed (Figure 55 
b). The use of EntD suggested that the production of EPS was correlated with 
microcolony formation, as it formed fewer microcolonies, but appeared to differ from 
Ent only in the amount of EPS produced. In addition, removing one type of EPS 
using phage enzyme led to rapid degeneration of the entire biofilm, highlighting its 
importance in maintaining biofllm structure. The adhesive proteins isolated may bind 
to EPS or to other (protein) components in the cell wall of the other species to 
maintain the close proximity of cells within microcolonies. Additional cell-surface 
adhesins may encourage even closer juxtaposition and microcolony formation. BPS 
production may then be increased through adhesin / receptor interactions and / or 
signalling molecules to surround and envelope the developing microcolony. 
184 
8. GENERAL DISCUSSION 
The removal of both species from dual species bioflims by Ent specific 
polysaccharide depolymerase suggested Ent took over EPS production. Enzyme 
assays on mixed biofilm EPS supported this and showed En! contributed 81% of the 
EPS. HPLC confirmed the matrix comprised of more than 95% En! EPS compared 
to only 45 % of the bioflim cells. EPS production by Ent may have been increased by 
the presence of KlebGl because if KlebGl supernatants were added to Ent liquid 
cultures, EPS production was increased. Alternatively, Ent may have caused KlebGl 
to decrease EPS production, perhaps through signalling molecules or it may have 
resulted from the inherent ability of Ent to produce more EPS. The properties of the 
mixed bioflims were therefore governed more by the nature of En! EPS (neutral and 
insoluble) than KlebGl EPS (charged and soluble). The neutral and insoluble EPS 
produced by Ent may be more effective at sticking cells to the surface, compared to 
water soluble polymers such as KlebGl EPS. Therefore it may also be effective at 
holding the biofilm together and at maintaining microcolony structure. 
It has been suggested that bacteria in biofilms may be stimulated to synthesise 
polymers of novel composition and physical properties totally dissimilar from those 
found in the free-living state (Christensen e! al., 1985). The altered properties of 
these dual species bioflims were more likely to be due to differential production of 
EPS, rather than the production of different types, or biofilm-specific EPS. There 
was no evidence that either strain produced bioflim-specific EPS, although En! EPS 
appeared to differ in physical properties depending on its mode of growth. The highly 
specific phage enzymes effectively degraded EPS from the bioflims and from liquid 
culture, suggesting there were no significant differences in the main backbone 
structure. However, the ionic conditions within microenvironments may alter the 
physical properties of the EPS and the level of EPS production may also differ in the 
biofilm mode of growth. 
The polymers formed in biofilms may be identical in composition but have 
different physical properties, they may differ in molecular weight and consequently 
have altered viscosity or gel-forming ability. There was some evidence that the two 
types of EPS interacted leading to increased viscosity. The higher viscosity could 
result in better adhesiveness and this idea was supported by their increased strength 
of adhesion. If the adhesins were linked to membrane embedded signal transducing 
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proteins, cell-cell contact within microcolonies could lead to the transcription of 
genes to switch on EPS synthesis, protein synthesis and perhaps homoserine lactone 
(HSL) synthesis. The ability of a micro-organism to use small signaling molecules, 
such as HSLs to monitor its own population density may positively switch the cells 
to an attachment phenotype through the expression of adhesive polymers and 
appendages or facilitate induction of other genes essential for the maintenance of the 
bioflim mode of growth. (Heys et al., 1997). Since bacterial biofilms are found in 
such a diverse range of habitats and function so effectively as consortia, it is not 
unreasonable to expect neighbouring cells in close proximity to each other to be 
capable of communication with each other in order to produce the coordinated and 
cooperative behaviour associated with a bioflim. Diffusible auto-inducers may be 
important in the later stages of bioflim formation because they respond to cell 
density, leading to coordinate expression of virulence associated genes. Small 
signaling molecules produced by one microorganism may function as an attractant 
for a second microorganism leading to the development of mixed cultures, 
functioning cooperatively within a particular ecological niche (Williams & Stewart, 
1994). 
8.2.3 RESISTANCE 
In addition to their enhanced growth and attachment, dual species cooperative 
biofilms were more resistant to disinfectants and antibiotics than their single species 
counterparts (Figure 55 c). The antimicrobial agents all had differing modes of 
action but the dual species biofilms were consistently more resistant. Although the 
percentage reduction of dual species biofilm cell numbers was not always lower, as 
the starting levels were higher, there were always more cells surviving. The numbers 
of recalcitrant cells were important because they may lead to further dissemination. 
Any remaining cells could regrow when more favourable conditions prevail and the 
effective concentration of disinfectants or antibiotics had decreased by diffusion or 
reaction. Dual species biofilms may also provide a haven for faster development of 
resistance within mixed species bioflims. 
Single species biofilms were more resistant than the equivalent planktonic 
cells, but dual species biofilms gained additional protection. Cells in single and dual 
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species biofllms may have altered, attachment specific physiologies leading to 
increased resistance. Faster irreversible attachment in dual species bioflims may 
hasten the onset of such altered physiology. Surface-induced stimulation of resistance 
has been reported but may also occur when cell-cell contact occurs in mixed species 
bioflims. Interactions between different species may encourage attachment specific 
physiologies and touch-induction may occur through adhesin receptor interactions. 
Adhesins are biological effector molecules. If initial adhesion is the first step towards 
formation of a bioflim, then adhesin receptor interactions could mediate other 
changes and adhesion-directed metabolism. 
It has been reported that spatially non-uniform loss of respiratory activity 
within a bioflim occurred after treatment with monochioramine. The greatest loss 
occurred at the bioflim-bulk fluid interface and residual respiratory activity was 
highest near the substratum. The basal cells may therefore be protected by EPS and 
may also be slower growing, increasing resistance (Huang et al., 1995). The denser 
structure and close proximity within dual species bioflims could contribute to their 
increased resistance as only the upper cells would be in direct contact with the 
disinfectant. The higher cell numbers due to enhanced attachment and growth may 
increase diffusion barriers and increase reaction with/ or quenching of some 
antimicrobials. The higher strength of attachment may protect from cell removal as 
well as cell death. However, if the lower cells were removed, by phage enzyme for 
example, this may destabilise the entire bioflim. An effective mechanism of treatment 
would be to target the basal layer. 
Treatments to reduce EPS synthesis may be effective in preventing bioflim 
formation. Kondoh et al. (1996) showed that clarithromycin and erythromycin 
inhibited bioflim formation by Ps. aeruginosa due to their deleterious effect on EPS 
synthesis. Increased EPS production led to increased protection from surfactants and 
disinfectants in both single and dual species bioflims. The increased resistance of dual 
species bioflims may be partially explained by diffusion barriers as the majority of the 
EPS was derived from Ent and diffusion through En! EPS was lower than through 
KlebGl EPS. The nature of En! EPS may exclude many water soluble molecules 
from the interior of the matrix. En! EPS may therefore offer the best protection from 
water soluble antimicrobials. The contribution of EPS to resistance will undoubtedly 
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be affected by its structure and physical properties. Some types of EPS can cause a 
reduction in diffusion but variations between different types prevent generalisations. 
EPS / mucoidy could be increased simultaneously with other factors, so resistance 
may be increased not because of EPS production per se but because of other factors 
controlled by closely linked genes. In addition, the interactions between the two 
types of EPS increased their viscosity and possibly decreased access. As Ent 
contributed the majority of EPS to these dual species bioflims, if phage or phage 
enzyme specific for Ent were present, they could effectively remove both species 
unless KlebGl EPS production was increased. Destruction of key components by 
phage enzyme may have more effect where EPS act synergistically to increase 
adhesion. If a cell on the basal layer is infected and lysed by phage, this may lead to 
the removal of the upper layer, even if the cells are different, uninfected species. 
It has been suggested phage or their associated enzymes could be used as an 
alternative to chemical sanitisers. Treatment to remove the EPS using phage 
polysaccharide depolymerases may be effective at removing biofilms from surfaces 
(Hughes et al., 1998). Phage enzymes were shown to cause rapid, effective removal 
of Ent single species and cooperative dual species biofilms. Phage may provide an 
effective treatment for the removal of bioflims but several factors must be 
considered. The age and accessibility of the host cell may affect susceptibility to 
phage attack. The close proximity in bioflims may lead to the rapid infection of 
neighbours and if basal cells burst they could also remove the cells above. Possession 
of phage enzyme may increase penetration to the bioflim cells, even in the depths of 
the biofilm (Ripp & Miller, 1997). There may be difficulty in obtaining large enough 
quantities for treatment of large surface areas. Phage or phage enzyme treatment may 
be effective at removing one species but may be less effective at removing species 
from mixed culture biofilms, unless the species specifically interact so the use of 
phage may be impractical if a large number of species require removal. 
Combination treatments have been shown to improve biofllm death and 
removal. Johansen et al. (1997) used Pectinex Ultra SP (a multi-component enzyme 
preparation with no bactericidal activity) PLUS glucose oxidase / lactoperoxidase 
which caused death but not removal. The combined effect was additive rather than 
synergistic. The optimal enzymes used in such treatments depend on the bioflim 
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components. Polysaccharase components allow the access of the other enzymes into 
the biofilm matrix and lead to dissolution of the entire structure and proteases may 
disrupt close associations. We have shown that Ent phage enzyme used in 
conjunction with disinfectants led to more effective removal of dual species biofilms 
than either treatment alone. Enzymes afforded better access to disinfectants and 
consequently better removal and kill. This could be used as a semi-specific treatment, 
for example to remove pathogenic species from mixed species bioflims, but may be 
less effective against complex biofilms containing a large number of species and 
associated EPS. 
8.2.4 FURTHER WORK 
In order to extend studies of these interesting cooperative biofilms in situ, or to 
examine the effects on long term biofilm development, it may be beneficial to 
introduce a chromosomal marker. This would require checking for any deleterious 
effects on other cell functions. To examine a larger number of species in mixed 
species bioflims, GFPs with altered spectra could be used, such as red or blue shifted 
variants. Another important factor in dual species bioflims may be to examine 
population shifts under different nutrient conditions and what factors trigger 
competition. Competition could then be encouraged as an effective treatment. 
Further investigation of the amount of, or expression of, adhesive proteins under 
different conditions could also provide more information on how to disrupt the 
interactions and remove complex biofilms from surfaces. To further investigate the 
structures of EPS and perhaps gain more insight into their interactions, the phage 
enzymes could be used to partially degrade the polymers before analysing their repeat 
unit structures. Another important facet would be to investigate the role of cell-cell 
signals and communication in these naturally occurring mixed culture bioflims. 
Interspecies microbial interactions began to influence a biofilm during the 
initial stages of formation, bacterial attachment and surface colonisation, and 
continued to influence the structure and physiology of the bioflim as it developed. 
We have shown that specific interactions can have a profound effect on biofilm 
resistance and continued examination may provide effective methods of intervention 
and bioflim control. 
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L63 3JW,UK mixture. The spatial distribution of each species was examined by UV 
microscopy, simultaneously staining the non-fluorescent strain with propidium 
iodide. GFP fluorescence was measured to quantify the adhesion of the strains 
to other cells or cell constituents or the invasion into pre-existing biofilms. Co- 
operation between Ent. aggiomeranslGFP and Klebsiella pneumoniae GI 
resulted in a 54 and a 23% increase in biofilm formation, respectively, 
compared with single-species biofilms. E. coIiIGFP and Serratia marcescens 87b 
stably co-existed in biofilms but did not affect the growth of each other. The 
other bacterial partnerships examined were competitive, with the end result 
that one species dominated the biofilm. The methods described provide a 
convenient technique for the examination of mixed-species biofilm 
communities where the unique interactions between species determine the 
true properties of the resultant biofilms. 
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INTRODUCTION 
Green fluorescent protein (GFP) was originally isolated 
from the jellyfish Aequorea aequorea (Shimomura et al., 
1962) and the cDNA of GFP was cloned from Aequorea 
Victoria by Prasher et al. (1992). The use of GFP has 
expanded and it has rapidly become a widely used 
reporter of gene regulation (Cubitt et al., 1995; Crameri 
et al., 1996). GFP is a 238 aa protein which emits green 
light (508 nm) when excited by blue light (395 nm). It 
can be detected by irradiation with near-UV or blue light 
and requires no substrate or cofactors for activity. 
Chalfie et al. (1994) first described the use of cloned GFP 
to monitor gene expression in both prokaryotes and 
euka'ryotes. Vectors for use in Gram-negative bacteria 
Abbreviations: GFP, green fluorescent protein; P1, propidium iodide. 
other than Escherichia co!i have now been constructed 
(Matthysse etal., 1996). GFP has been used to investigate 
a range of diverse systems from host—pathogen inter-
actions to activated sludge communities (Valdivia et al., 
1996; Eberl etal., 1997; Leff & Leff, 1996; Niswender et 
al., 1995; Albano etal., 1996). More recently, Bloemberg 
et al. (1997) have reported the use of GFP plasmids to 
identify Pseudomonas species in a biofllm and on 
seedling roots. 
In most natural and industrial environments, biofilms 
are complex communities consisting of more than one 
microbial species. A two-species system is simple enough 
to allow quantitative analysis and in situ speciation 
(Camper et al., 1996; Stewart et al., 1997; Banks & 
Bryers, 1991; Siebel & Characklis, 1991). Diversity in 
microbial communities leads to a variety of complex 
relationships involving interspecies and intraspecies 
interactions. The interactions between organisms within 
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plaque have been comprehensively studied and found to 
be both beneficial and antagonistic (Hasty et al., 1992; 
Marsh etal., 1997; Whittaker etal., 1996). McEldowney 
& Fletcher (1987) studied the sequential attachment of a 
number of bacteria and found that biofilm development 
depended on species composition, surface composition 
and the sequence of attachment. Brading et al. (1997) 
investigated the challenge of a monoculture biofilm of 
one organism with another. Although Pseudomonas 
fluorescens had advantages for initial colonization over 
Pseudomonas putida, neither species precluded the 
incorporation of the other species into the biofilms. 
Thus specific surface interactions between different 
species are thought to play a major role in controlling 
succession during the development of a microbial 
community. Specific, direct interactions may involve 
adhesins on the bacterial cell surface and receptors on 
the surface of other bacterial cells of the same or 
different species (James et al., 1995). Investigation of the 
specific adhesins on the bacterial cell surface, on which 
the inhibition or reversal of some coaggregations occurs 
with the addition of simple sugars, suggests lectin-like 
proteins can be involved (Kinder & Holt, 1994). 
The species investigated in this study are all members of 
the Enterobacteriaceae; three were isolated from an 
industrial biofilm and identified as Enterobacter 
agg!omerans, K!ebsiella pneumoniae and Serratia 
marcescens. They show between 60 and 7% genetic 
relatedness, with Ent. agg!omerans and K. pneumoniae 
Gi the most closely related and S. marcescens 87b and 
Ent. agg!omerans the most distant. The presence of 
enteric bacterial species in industrial environments may 
present considerable problems of hygiene and moni-
toring. This is accentuated when the bacteria are present 
in biofilms because of their increased resistance to 
disinfection. The aim of this work was to compare 
interactions between these species and to correlate them 
with increased or decreased biofilm formation, using 
plasmid-encoded GFP to label and subsequently identify 
Ent. agg!omerans/GFP and E. co!i/GFP. 
METHODS 
Bacterial strains. Enterobacter agglomerans, Klebsie!la 
pneumoniae G1 and Serratia marcescens 87b were isolated 
from biofllms on industrial surfaces and typed using the API 
20E identification system (bioMrieux). E. coIiATCC 11229 is 
a strain commonly used for industrial testing purposes. The 
organisms were cultured in yeast extract (YE) medium 
(Sutherland & Wilkinson, 1965). The strains had doubling 
times (1n2/,u) of: 90 mm, K. pneumoniae; 75 mm, Ent. 
agglomerans/GFP; 60 mm, S. marcescens; and 55 mm, E. 
co/i/GFP. Non-fluorescent and fluorescent strains were 
coupled to allow subsequent differentiation using viable 
counts, microscopy and fluorimetry. 
Transformation by electroporation. The strains Ent. agglo-
merans and E. co/i ATCC 11229 were grown up in 100 ml YE 
to early exponential phase, transferred to a chilled tube and 
incubated with ice for 15 mm. The cells were pelleted at 2700 g 
for 10 min at 4 °C, washed twice in 10 ml 1 mM HEPES, 
pH 70, and resuspended in 05 ml cold 10% glycerol. Sus- 
pension (02 ml) was mixed with 1 jil pBAD DNA (Crameri et 
al., 1996) in TE buffer (1 x TE is 10 mM Tris/HCI, 1 mM 
EDTA). This was electroporated in acold 02 cm cuvette 
applying one pulse (25 kV, 25 VF, 200). The cells were 
resuspended in SOC (recovery) buffer (2 9/6 Bacto-tryptone, 
05 % Bacto yeast extract, 10 mM NaCl, 10 mM MgCl 2 , 
10 MM  MgSO4 , 25 mM KC1, 20 mM glucose), incubated at 
30 °C for 1 h and plated out onto agar containing ampicillin 
and 05 % arabinose. pBAD-GFP transformants could then be 
selected on the basis of their ampicillmn resistance and GFP 
expression could be induced with 0S% arabinose and 
visualized using UV illumination. The resultant transformants 
will be referred to as Ent. agg!omerans/GFP and E. co/i/GFP 
and their growth rates were the same as the non-transformed 
strains. 
Plasmid stability. YE broth (without arabinose or ampicillin; 
100 ml) was inoculated with 1 x iO Ent. agg/omerans/GFP 
(or E. co/i/GFP) cells and incubated, shaking at 30 °C for 24 h. 
One millilitre was then dispensed into fresh broth and 
incubated for a further 24 h. This was repeated for a total of 
72 h. At each time interval, samples were removed, serially 
diluted and plated out. Loss of the plasmid could be calculated 
by counting the non-fluorescent colonies. To further monitor 
plasmid stability, a 11 chemostat vessel containing 700 ml 
YE + 1 % glucose was inoculated with Ent. agglomerans/GFP. 
Different flow rates were used to assess plasmid loss at 
different doubling times. Samples were taken at steady state 
after three residence times (T = 1/dilution rate), diluted and 
plated out. 
Properties of GFP. Sphaeroplasts (prepared as outlined by 
Osborn et al., 1972) were sonicated to assess the effect of cell 
lysis on fluorescence. The sphaeroplasts were progressively 
broken by sonication for 4 x 1 min bursts. The fluorescence of 
sonicated samples was measured on a Perkin Elmer  LS SOB 
fluorimeter. A crude extract of GFP was prepared by centri-
fuging an overnight culture of Ent. agglomerans/GFP at 
5000 g for 10 mm. The pellet was -resuspended in 10 ml PBS 
(Oxoid), 50 xl of a protease inhibitor (PMSF) was added and 
it was sonicated for 4 mm. It was recentrifuged at 15000 r.p.m. 
for 20 min to remove membranes and other cell debris, 
resulting in a crude protein preparation. The protein was then 
used to investigate the effect of pH and temperature on protein 
denaturation and fluorescence. Twenty microlitres of protein 
(1 mg ml') or whole cells was mixed with 80 1il PBS at the 
appropriate' pH and fluorescence was determined. 
Biofilm growth and invasion studies. Biofllms were grown on 
borosilicate glass beads; 25 g 4-mm-diameter beads was 
placed in a 250 ml flask with 100 ml YE and 1% glucose. 
Flasks were inoculated in triplicate to obtain approximately 
10 bacteria m1', consisting of one species or a 1: 1 mixture of 
the two species. The flasks were incubated at 30 °C with 
shaking at 80 r.p.m. Six beads were removed from the three 
flasks, and each bead was rinsed and transferred to an 
Eppendorf tube containing 1 ml PBS, vortexed for 30 s to 
remove the biofilm cells, diluted and plated out. Fluorescent 
colonies (Ent. agglomerans/GFP and E. coli/GFP) were 
identified in a mixture by UV illumination of the plates. For 
microscopy, glass coverslips were used for biofllm growth in a 
batch culture system consisting of a box containing YE broth 
(250 ml) and 1%  glucose. The coverslips were supported by a 
metal holder. A small magnetic stirring bar was also in-
corporated in the system and a magnetic stirrer set at 
100 r.p.m. provided thorough mixing of available nutrients. 
Each system was inoculated with overnight bacterial cultures 
to obtain approximately 10 bacteria m1'. The invasion of 
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non-fluorescent bioflim monolayers by a second fluorescent 
partner was investigated using fluorimetry. Aliquots (100 il) 
of K. pneumoniae or S. marcescens overnight cultures were 
added to each well of a microtitre plate and incubated at 30 °C 
for 16 h. The liquid phase was removed and 100 pl overnight 
cultures of E. coli/GFP or Ent. agglomerans/GFP were added 
and incubated at 30 °C. At 1, 2, 4 and 24 h, the excess liquid 
was removed, the wells were washed once with PBS and 100 il 
PBS was added. The fluorescence of the bioflims in the wells 
was measured on a Perkin Elmer LS SOB fluorimeter. Adhesion 
to plastic surfaces was lower than adhesion to glass for all 
strains. This did not affect enhanced dual-species bioflim 
formation by Ent. agg/omerans/GFP and K. pneumoniae. 
Microscopy. Sixteen hour dual-species biofilms on glass 
coverslips were immersed in a detergent (10 mM cetyl-
pyridinium chloride) for 5 mm, then immersed in propidium 
iodide (P1; 25 Vg ml', Sigma). Pretreatment with the detergent 
caused cell membrane damage and access of P1 to the cell 
interior. GFP was not masked by the presence of P1 in the cell, 
therefore Ent. agglomerans/GFP cells appeared green (or 
yellow) and K. pneumoniae cells appeared red under UV 
illumination. The bioflims were observed on a Polyvar 
microscope with a tungsten bulb attachment (Reichert-Jung) 
with a violet-blue excitation filter (395-446 nm). This method 
gave no indication of cell viability but was effective for 
examining spatial distribution. 
Production of inhibitors. Stationary phase liquid cultures of E. 
coli/GFP and S. marcescens were centrifuged at 10000 g for 
10 min and the supernatant was filter-sterilized. Aliquots 
(SO iii) of the S. marcescens or E. coli/GFP supernatants were 
added to SO jil YE in each well of a microtitre plate. K. 
pneumoniae or Ent. agglomerans/GFP stationary phase liquid 
culture supernatant (SO jil) was used for controls. Stationary 
phase K. pneumoniae (0D 570 025; 25 pi) was added to F. 
coli/GFP supernatant and 25 pl Ent. agglomerans/GFP was 
added to S. marcescens supernatant. The increase in turbidity 
was measured after 24 h incubation at 30 °C on a Beckman 
MR 5000 plate reader. Inhibition of growth indicated the 
presence of a growth inhibitor in the supernatant. 
Adhesion. Ent. agglomerans/GFP and K. pneumoniae co-
operated, forming biofllms more successfully when together 
than apart, indicating specific interactions. The interactions 
were investigated by measuring adhesion and its inhibition, 
using fluorescence (Ent. agglomerans/GFP) and turbidity (K. 
pneumoniae). Ent. agglomerans/GFP cells were treated with a 
protease [bromelain; 103 units (jig protein)' h - '] and a 
polysaccharide-degrading enzyme obtained from an Entero-
bacter-specific bacteriophage to inhibit the adhesion. Phage-
free enzyme was prepared by filtration using a 100 kDa filter 
(Vivaspin; Vivascience). The preparation had a specific 
activity of 378 x iO pmol glucose h 1 (mg protein)'. EDTA 
was used to determine the effect on adhesion of ion seques-
tration. Ent. agglomerans/GFP overnight culture (10 ml) was 
added to 10 ml sterile distilled H 20 (control), 10 ml 2 mg 
EDTA ml' or 200 Vg EDTA ml'. One hundred microlitres 
of each was added to each K. pneumoniae monolayer and 
allowed to attach for 5, 15, 30, 45, 60, 90 and 120 mm. The 
liquid phase was removed and the wells were rinsed once with 
PBS. The fluorescence of adhering Ent. agglomerans/GFP was 
then measured on a Perkin Elmer LS SOB fluorimeter. 
In addition to the ability to measure Ent. agglomerans/GFP 
adhesion using fluorescence measurements, a method has been 
developed to enable the adhesion of K. pneumoniae (a non-
fluorescent strain) to be quantified. The technique relies on the 
ability of K. pneumoniae to re-grow into the nutrient-rich 
liquid phase above the biofllm. To prevent re-growth of the 
base species (Ent. agglomerans/GFP), it was killed using UV 
irradiation for 120 min prior to K. pneumoniae addition. 
Aliquots (100 pI) of washed stationary phase Ent. 
agglomerans/GFP cells were added to each well of a trans-
parent microtitre plate and incubated at 30 °C for 24 h. The 
Ent. agglomerans/GFP monolayers were killed by exposing to 
UV for 120 mm. K. pneumoniae cells (100 pl) were added for 
the required time. The wells were then rinsed once with PBS, 
which was replaced with 100 pl YE (+ glucose). The re-
growth of K. pneumoniae into the liquid phase was pro-
portional to the number of attached cells. The adhesion of K. 
pneumoniae could thus be measured using a Dynatech MR 
5000 plate reader to quantify the increase in turbidity. To 
inhibit K. pneumoniae adhesion to Ent. agglomerans/GFP, 
10 ml stationary phase K. pneumoniae cells was treated with 
bromelain and various commercial polysaccharase mixtures. 
In addition, 0.5% mannose was added during a 30 mm 
attachment period of K. pneumoniae to Ent. agglomerans/ 
GFP monolayers. Re-growth after 20 h was measured on a 
Dynatech 5000 plate reader. 
RESULTS AND DISCUSSION 
Use of GFP as a species-specific marker 
Usually the plasmid encoding GFP can be selected for by 
including a gene encoding antibiotic resistance. In this 
system, plasmid maintenance in the absence of ampi-
cillin selection is an important factor because when 
mixed cultures are used, the antibiotic may adversely 
affect the growth of the second species. After 72 h in 
batch culture, OS % of Ent. agglomerans/GFP cells had 
lost their plasmid. The plasmid loss in E. coli/GFP was 
higher: after 72 h 14% of cells had lost the plasmid. In 
continuous culture, plasmid loss increased with in-
creasing specific growth rate (Table 1). The length of 
biofilm experiments was therefore kept to a minimum, 
i.e. below 24 h with a maximum plasmid loss of 46 % 
(E. coli/GFP) and 02 % (Ent. agglomerans/GFP). Soni-
cation of Ent. agglomerans/GFP sphaeroplasts leading 
Table 1. Loss of the GFP plasmid from Ent. 
agglomerans/GFP in chemostat culture in the absence of 
ampicillin selection 
Samples were plated out onto YE agar containing arabinose 
(05%) and UV illumination of the plates enabled non-
fluorescing colonies to be identified. SE values are presented 
where n = 4. 
Doubling 
time (h) 
Plasmid 
loss (%) 
SE 
0•5 286 1-90 
25 218 150 
45 162 210 
65 122 180 
85 43 050 
105 0•5 0•05 
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Fig. 1. Comparison of single-species and dual-species biofilm 
development on glass beads using viable counts. Two strains, E. 
coIiIGFP and Ent. agglomerans/GFP, were transformed with a 
plasmid encoding GFP. Colonies in a mixture could then be 
identified using UV illumination of plates. Results are presented 
as surface coverage (cm). (a) Ent. agg!omeranslGFP+K. 
pneumoniae; (b) E. coli/GFP+S. marcescens; (C) E. coI1IGFP+K. 
pneumoniae; (d) Ent. agglomeranslGFP+S. marcescens. Bars 
represent SE, where n = 6. 
to progressive cell lysis did not result in a large decrease 
in fluorescence. A larger decrease in fluorescence was 
observed between 10 and 30 min after sonication, 
possibly due to cellular enzyme degradation. This has 
important implications because fluorescence can only be 
related to the presence of GFP, not intact cells. In 
addition, dead cells will still fluoresce if they are killed 
after synthesizing GFP. 
A crude extract of the protein was isolated from Ent. 
agglomerans/GFP and compared with intact cells to 
determine the stability of the protein. GFP was more 
sensitive to low pH than to high pH, with maximum 
fluorescence occurring at pH 8-10. The effect of pH was 
muted in whole cells. In addition, the protein was 
thermostable up to 60 °C. Because the GFP is so stable 
and persists after cell death, fluorescence per se cannot 
be used to indicate viability. However, fluorescence can 
be used to assess adhesion of Ent. agglomerans/GFP 
cells and microscopic localization is possible. GFP is a 
cytoplasmic protein with low toxicity and should 
therefore have a minimal influence on bacterial cell 
surface dynamics. The interactions between bacterial 
species should not be adversely affected. 
Dual-species biofilm formation 
Single- and dual-species biofilm formation between the 
four enterobacterial species was monitored by viable 
counts over 24 h (Fig. 1). A total inoculum of 1 x iO 
cells m1 1 of one species or a 1: 1 mixture of the two 
organisms was used. Viable cell numbers in single-
species biofilms were greatest for S. marcescens, fol-
lowed by F. coli/GFP, K. pneumoniae and Ent. 
agglomerans/GFP. The biofilm growth of the four dual-
species biofilms, comprising one fluorescent and one 
non-fluorescent partner, differed according to the species 
involved. In dual-species biofilms of K. pneumoniae and 
Ent. agglomerans/GFP, both showed increased adher-
ence and growth when compared with single-species 
biofilms: Ent. agglomerans/GFP showed a 54%  increase 
and K. pneumoniae a 23 % increase in 24 h dual-species 
biofilms. The co-operation could be the result of specific 
adhesion mechanisms increasing their attachment. This 
correlates with another study on dual-species biofilms 
containing Salmonella enteritidis and K. pneumoniae, 
which also showed synergistic biofllm formation, with 
increased attachment and metabolic activity (Jones & 
Bradshaw, 1997). E. coli/GFP and S. marcescens did not 
affect the attachment or growth of each other: cell 
numbers were the same whether or not the other partner 
was present. They did not compete and this could 
indicate that they have separate binding sites or 
mechanisms of attachment. Stewart et al. (1997) have 
also reported a system where K. pneumoniae and 
Pseudomonas aeruginosa stably coexisted in biofilms 
despite differing growth rates under planktonic con-
ditions. Both Ent. agglomerans/GFP + S. marcescens 
and E. coli/GFP + K. pneumoniae showed competitive 
interactions. S. marcescens out-competed Ent. 
agglomerans/GFP, with Ent. agglomerans/GFP com-
prising a maximum 14-7% of the biofllm. F. coli/GFP 
out-competed K. pneumoniae, with K. pneumoniae 
comprising between 06 and 31 % of the biofilm. 
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Fig. 2. Invasion of bacterial monolayers of non-fluorescent 
strains (K. prieumoniae and S. marcescens) by fluorescent strains 
labelled with a plasmid encoding GFP. The incorporation of 
E. coIiIGFP and Ent. agglomeranslGFp into the monolayers 
was measured, after various contact times, on a Perkin Elmer 
LS 508 fluorimeter. (a) Ent. agg/omerans/GFP invasion into 
K. pneumoniae and S. marcescens monolayers; Ent. agglo-
merans/GFP adhesion to blank wells was included as control. (b) 
E. coIiIGFP invasion into K. pneumoniae and S. marcescens 
monolayers; E. coliIGFP adhesion to blank wells was included as 
control. Bars represent SE, where n = 84. 
Invasion and interactions 
Incorporation of the fluorescent strains into pre-existing 
bioflims was quantified after various time intervals (Fig. 
2). E. coli/GFP was better at binding to blank wells than 
Ent. agglomerans/GFP. Ent. agglomerans/GFP success-
fully invaded the K. pneumoniae biofilm, with numbers 
almost as high (or higher at 24 h) as for uncolonized 
surfaces. Ent. agg!omerans/GFP was incorporated at 
lower levels into S. marcescens monolayers, representing 
on average 19% of the cells bound to blank wells. E. 
coli/GFP did not invade bioflims of S. marcescens or K. 
pneumoniae very successfully, representing on average 
35 and 21 % of cells bound to blank wells, respectively. 
This demonstrated that invasion was not dependent on 
biofllm-forming ability; for example, when inoculated 
simultaneously, E. coli/GFP out-competed K. 
pneumoniae and S. marcescens out-competed Ent. 
agglomerans/GFP. The resultant biofllms were 
dominated by the best competitor of the pair. When a 
monolayer of K. pneurnoniae was already present, the 
competitive partner (E. coli/GFP) showed poor in-
tegration into the biofllm. In contrast, where co-
operative associations between Ent. agglomerans/GFP 
and K. pneumoniae occurred, bacteria could more easily 
invade a monolayer of their partner. This suggests that 
Fig. 3. Microcolonies of a 16 h co-operative dual-species biofilm 
of Ent. agglomerans/GFP and K. pneumoniae. Biofilms were 
grown on glass coverslips, and treated with 10 mM 
cetylpyridinium chloride (5 mm) and 25 ig RI m1 1 (5 mm) 
before visualizing on a Polyvar microscope with a tungsten 
bulb attachment and violet-blue excitation filter (395-446 nm). 
Ent. agglomerans/GFP cells appeared green (or yellow) and K. 
pneumoniae cells appeared red under UV illumination. Bars, 
3 pm.  
co-operation is beneficial in terms of invasion. If a 
bacterial species possesses the ability to adhere 
specifically to another species it could gain a foothold in 
a new environment, enhancing its survival. If the co-
operation is beneficial, it could in turn help its partner. 
GFP is extremely stable and persists up to 60 °C and 
within the pH range 2-12 and also through treatment 
with formaldehyde, allowing the detection of GFP even 
in fixed samples (Eberl et al., 1997). This allowed the 
visualization of Ent. agglornerans/GFP (or F. co!i/GFP) 
cells in dual-species biofilms, even following the de-
tergent treatment necessary to label the second species, 
K. pneumoniae (or S. marcescens), with P1. However, 
this also prevented the use of GFP as a marker of 
viability. Microscopic examination revealed that Ent. 
agglomerans/GFP and K. pneumoniae are often closely 
associated in microcolonies (Fig. 3). The close proximity 
suggests that surface-associated macromolecules form 
the basis of the interactions. This may involve adhesins 
and receptors on the surface of one or both species. In 
contrast, F. coii/GFP and S. marcescens mainly formed 
discrete microcolonies. As S. marcescens + F. coli/GFP 
formed biofilms in equal numbers, irrespective of 
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Table 2. Inhibition of the adhesion of Ent. 
agglomerans/GFP cells to monolayers of K. pneumoniae, 
and K. pneumoniae cells to Ent. agglomerans/GFP 
monolayers in microtitre plates 
Percentage reduction of Ent. agglomerans/GFP adhesion was 
calculated after measuring the fluorescence of attached cells. 
Percentage reduction of K. pneumoniae adhesion was 
calculated after turbidometric measurement of the re-growth of 
adhering cells. SE values are presented where n = 84. 
Inhibitor or treatment Reduction 
in adhesion 
(%) 
SE 
Ent. agglomcrans/GFP 
adhesion to K. pneutnoniae 
Mannose 00 - 
Protease (bromelain) 463 80 
Specific phage depolymerase 386 4i 
EDTA 175 33 
K. pneumoniae adhesion to 
Ent. agglomerans/GFP 
Mannose 50 06 
Protease (bromelain) 00 - 
Polysaccharase mixtures: 
Cellulase TV 223 11 
Driselase 101 12 
fl-Glucuronidase 00 - 
Mutanolysin 00 - 
Hemicellulase 21 32 
Cellulase 26 21 
whether the other was present, they interacted 'neu-
trally' and therefore were not investigated further. 
If one species can initially out-compete another species, 
then it could exploit that particular microenvironment. 
The production of inhibitors by S. marcescens and E. 
coli/GFP, the competitive partners, has also been 
investigated. 
To determine whether the competitive partners (E. 
coli/GFP and S. marcescens) produced bacteriocins, the 
supernatants were tested for growth inhibition of K. 
pneumoniae and Ent. agglomerans/GFP, respectively. 
There was no evidence that either species produced any 
growth inhibitors as growth remained unchanged and 
cross-streaking on agar plates had no effect. Their 
dominance in dual-species bioflims was probably due to 
their higher growth rates. As K. pneumoniae and Ent. 
agglomerans/GFP formed biofllms co-operatively, their 
specific interactions were investigated in more detail 
(Table 2). Protease treatment caused a 46%  reduction in 
Ent. agglomerans/GFP adhesion to K. pneumoniae. 
Degrading the extracellular polysaccharide with a 
specific phage depolymerase also caused a 39% re-
duction in adhesion. The fluorescence measurements 
used to follow the adhesion of Ent. agglomerans/GFP to 
K. pneumoniae imply that the interactions are both 
protein- and polysaccharide-dependent. The extra-
cellular polysaccharides may act as receptors to the 
adhesins, not only coating the bacterial outer surface but 
also adsorbing to inert surfaces. This may influence 
intercellular contacts and accumulation at surfaces. 
Alternatively, production of extracellular poly-
saccharide or other cell products by one species may 
coat the surface and indirectly affect the adhesion of 
another species. Quantification of K. pneumoniae 
adhesion has also permitted the evaluation of treatments 
to prevent the adhesion of K. pneumoniae to Ent. 
agglomerans/GFP. Addition of mannose caused a small 
reduction (45 0/s,  SE 02) in adhesion, which may indicate 
specific adhesin—carbohydrate interactions, although 
other components must also be important in the 
interactions between these two species. Bromelain (pro-
tease) treatment caused no significant reduction in 
adhesion. This contrasts with Ent. agglornerans/GFP 
adhesion, where protease treatment caused a 50% 
reduction in adhesion. This may suggest that only Ent. 
agglomerans/GFP possesses protein adhesins; alterna-
tively, the protein components in K. pneumoniae may be 
protected from degradation. The polysaccharase 
mixtures marketed as cellulase TV (Sigma) and driselase 
(Sigma) also resulted in a decrease in K. pneumoniae 
adhesion. This suggests that more than one cell com-
ponent is responsible for the interactions between K. 
pneumoniae and Ent. agglomerans/GFP, but both 
appear to contribute to the beneficial partnership. 
Concluding remarks 
Plasmid-borne GFP was used to investigate dual-species 
biofllm development. F. co/i/GFP and S. marcescens 
stably co-existed in biofllms but did not benefit or 
antagonize each other. The other pairs, F. coli/GFP + K. 
pneumoniae and Ent. agglomerans/GFP+S. 
marcescens, competed for the surface. The ability of E. 
coli/GFP and S. marcescens to out-compete K. 
pneumoniae and Ent. agglomerans/GFP, respectively, 
may be a result of their higher growth rates. K. 
pneumoniae and Ent. agglomerans/GFP co-operated, 
resulting in enhanced biofilm formation. Both species 
were involved in the interactions, which may involve 
adhesin—receptor interactions as they were partially 
protein and partially carbohydrate mediated. The 
methods described provide a convenient technique for 
the examination of mixed-species biofllm communities 
where the unique interactions between species within 
biofilms determine the true properties of the resultant 
biofllms. 
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CO-OPERATIVE BIOFILM 
FORMATION BETWEEN TWO 
SPECIES OF ENTEROBACTERIACEAE 
L.C. Skillman, I.W. Sutherland and M.V. Jones. 
The interactions between two Enterobacterial species which have been studied 
result in co-operative binding and enhanced bioflim formation. A system for the 
identification of one species in a dual species bioflim has been developed. A 
plasmid encoding green fluorescent protein (GFP) was transformed into 
Enterobacter agglomerans (EntGFP) which could then be followed by direct 
visualisation, plate counts and quantitative fluorescence measurements. The 
interactions between EntGFP and Kiebsiella pneumoniae may involve protein 
and carbohydrate (EPS) cell components. The resulting dual species biofllms 
have greater strength of adhesion and higher resistance to disinfection than 
either single species bioflim. 
Introduction 
Under natural conditions, true monospecies bioflims are comparatively rare 
although they may be encountered on medical prostheses. In most natural and 
industrial environments, biofilms are complex communities consisting of more 
than one microbial species. Mixed species bioflims are often thicker and more 
stable than monospecies biofilms and this may further influence their resistance to 
antimicrobial agents. Diversity in microbial communities leads to a variety of 
complex relationship involving interspecies and intraspecies interactions. 
Interactions among bacterial species may have a profound influence on the initial 
stages of biofilm formation and development. The adhesion of one bacterial 
species may have a negative, positive or neutral influence on the adhesion of 
another. Positive interactions may be due to an indirect mechanism whereby 
bacterial products modify the conditioning film or by a direct mechanism 
involving cell-cell contact. Specific, direct interactions may involve adhesins on 
the bacterial cell surface and receptors on the surface of other bacterial cells of the 
same or different species (James, Beaudette and Costerton, 1996). 
The two species investigated in this study are industrial isolates identified as 
Enterobacter agglomerans and Kiebsiella pneumoniae. Enterobacter 
agglomerans comprises a very complex group of bacteria, which are ubiquitous in 
the natural environment (Grimont and Griinont, 1992). Work in our laboratory 
supports this, with specific bacteriophage for Em' commonly found. 
The aim of this work was to investigate the nature and consequences of the 
interactions between Klebsiella and Enterobacter using plasmid encoded GFP to 
label and subsequently identify one species (Ent). 
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can be detected by irradiation with near UV or blue light and requires no 
substrate or cofactors for activity. Chalfie et a! (1994) first described the use of 
cloned GFP to monitor gene expression in both prokaryotes and eukaryotes. A 
similar system to that described here, using plasmid borne GFP to monitor 
genetically engineered microorganism (GEM) survival was employed by Leff & 
Leff (1996): This approach allows evaluation in three ways: plating to examine 
culturable cells; microscopy (Niswender et a!, 1995); and quantitative 
fluorescence measurements (Albano eta!, 1996). 
Methods 
Bioflim Growth 
Enterobacter agglomérans (Ent) and Kiebsi el/a pneumoniae (GI) were grown as 
biofllms on glass beads. 25g of 4mm diameter glass beads in a 250 ml flask with 
100 ml YE and 1% glucose were inoculated to obtain approx 105  bacteria / ml. 
The flasks were incubated at 30 °C with shaking at 80 rpm. 
For the replica plating experiments glass coverslips were used for biofllm growth 
in a batch culture system consisting of a box containing YE broth (250 ml) and 
1% glucose. The coverslips were supported by a metal holder. A small magnetic 
stirring bar was also incorporated in the system and 'a magnetic stirrer set at 100 
rpm provided constant renewal of nutrients at the glass interfaces. Each system 
was inoculated - with overnight bacterial cultures to obtain approximately 10 
bacteria/nil. 
Radioactive Coaggregation Assay 
The first (unlabelled) species was attached to a nitrocellulose membrane using 
vacuum filtration. 3 ml aliquots of each overnight bacterial culture were blotted 
onto pre-soaked nitrocellulose membranes (25 mm diameter). The second 
species was labelled with C 14 glucose and allowed to attach to the base blot 
membrane for a 2 hperiod. 0.5 pCi C14 glucose were added to 20 ml YE, 
inoculated with each species and incubated at 30 °C for 16 h. The cells were 
washed twice and resuspended in PBS . Each membrane and unbiotted control 
were immersed in 10 ml of each radiolabelled species, gently agitated for 2 h. 
The membranes were removed, rinsed and transferred to scintillation vials with 
5 ml scintillant and counts obtained on a Beckman LS 5000 CE scintillation 
counter. The radioactivity was compared with the radioactivity of a 
nitrocellulose membrane without a base blot; interspecies coaggregation could 
then be calculated. 
- Transformation by Electroporation 
Ent was grown to early log phase in 100 ml YE broth. The cells were transferred 
to a chilled tube, incubated with ice for 15 mm, pelleted at 2700 x g for 10 mm 
at 4 °C. The pellet was washed twice in 10 ml 1mM HEPES pH 7.0 and 
resuspended in 0.5 ml cold 10% glycerol. 0.2 ml was mixed with 1 p1 pBAD 
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DNA (in TE buffer) in a cold 02-cm cuvette and one pulse applied (2.5 Ky, 25 
4F, 200 ). The cells were resuspended in SOC (recovery) buffer, incubated at 30 
°C for 1 h and plated out. pBAD-GFP transformants were selected on the basis of 
their ampicillin resistance. GFP is induced with 0.5% arabinose. 
Fluorescence Quantitation 
100 j.tI aliquots of washed stationery phase GI cells were added to each well of a 
microtitre plate (MTP) and incubated at 30 °C for 1 h. The wells were rinsed with 
phosphate buffered saline (PBS) and 100 j.tl aliquots of EnIGFP cells added. At 
the appropriate time interval, the wells were rinsed and 100 1.d PBS replaced. The 
fluorescence of attached EntGFP cells were measured on a Perkin Elmer LS50B 
fluorimeter (excitation 395 mu, emission 508 nn). 
Protease: The procedure above was followed but the EntGFP cells were treated 
with Bromelain (activity 103 units/.tg protein/h ) for up to 1 h before adding to 
GI conditioned wells and measuring EntGFP attachment. 
Polysaccharase: The EntGFP cells were treated with a polysaccharide- degrading 
enzyme obtained from an Ent specific bacteriophage. Phage-free enzyme was 
prepared by filtration (>10 kDa, <100 kDa). The preparation had a specific 
activity of 3.78 x 10 t mol reducing sugar (as glucose)/ml phage/mg EPS/h/mg 
protein. 100 l.tl aliquots of the treated EntGFP cells were added to GI conditioned 
wells and the fluorescence measured. 
Conditioning: Ent (non-GFP) or GI cells were used as the initial "conditioner" 
for the 1 h attachment period. Adhering EntGFP cells were measured on a 
Labtech Biolite F I fluorimeter. 
GI and Ent EPS, prepared by acetone precipitation, were used to 
condition the surfaces. The EPS were dissolved (or resuspended) in distilled H 20, 
50 pg glc equivalents added to each well and incubated at 37 °C for 24 h. The 
amount of carbohydrate bound to each well was calculated using an adaptation of 
the phenol-sulphuric assay for total carbohydrates (Dubois et a!, 1956). The 
attachment of EntGFP cells was measured on a Perkin Elmer LS50B fluorimeter. 
Disinfection 
Biofllms were grown on glass beads, rinsed twice in PBS and treated for 5 mm 
with the appropriate concentration of disinfectant. Each bead was rinsed and 
transferred to an eppendorf containing 1 ml PBS, vortexed for 30 s to remove the 
bioflim cells, diluted and plated out. EntGFP colonies could be identified in a 
mixture by UV illumination of the plates. This provided an accurate way to 
process a large number of samples, each data point being the mean of 6 replicates. 
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Fig 1 Comparison of GI and Ent single species and dual species biofilm development on 
glass beads using viable counts. Ent accounted for between 50 and 65% of the mixed 
biofihn. Both species growth was enhanced in the mixed bioflim. Bars represent standard 
errors (SE). 
Replica Plating 
The method of Eginton et a! (1995) was followed. Bioflims were grown on glass 
coverslips. Each coverslip was removed, rinsed and placed on to the surface of an 
agar plate, removed onto the surface of another and the first spread using a glass 
spreader. This was repeated for 15 plate successions. The CFIJ / plate were plotted 
on a log scale against plate succession number. The gradient of the line equals the 
removal exponent (k). 
Results and Discussion 
Co-operative Bioflim Formation 
Dual species biofllm formation between two Enterobactenal species was 
monitored over 24 h (Fig 1). Growth at each time interval in the mixed biofllm 
was greater than the sum of Ent and GI growth in the single species biofllms. 
Dual species biofilms of GI and Ent showed increased adherence despite no 
concurrent increase in growth in the liquid phase of the batch culture system. Ent 
and GI form biofllms more rapidly together than each species alone, suggesting 
they interact. 
Nature ofInteractions 
Interactions between pairs may involve specific molecules such as lectins and 
complementary carbohydrate receptors. The EPS may act as receptors to the 
adhesins, not only coating the bacterial outer surface but also adsorbing to inert 
surfaces. This may influence intercellular contacts and accumulation at surfaces. 
Alternatively, one species may alter the surface properties and indirectly affect the 
adhesion of another species. 
To quantify the coaggregative properties a radioactive assay was used. A third 
species, Serralia marcescens 87b (87b), was included for comparison (Fig 2). 
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Fig 2 Comparison of coaggregation between three species of Enterobacteriaceae. * 
indicates radiolabelled partner, bars represent SE. 
Coaggregation between GI and Ent was greater than between Ent + 87b or GI + 
87b, with either combination of base blot and radioactive partner.The maximum 
adhesion occurred when Ent was radiolabelled and actively adhering to GI, 
• suggesting Em' possesses specific mechanisms for coaggregating with Gi. 
Inhibition of coadhesion using a protease and a polysaccharase was 
attempted to understand the basis of the interactions. Treatment could then be 
correlated with adherence to GI by measuring EntGFP fluorescence; 30 mm 
treatment with Bromelain (protease) caused a 46.3 % (+1- 8.0 %) reduction in 
adhesion. 60 min treatment with SF1 5 3b  Polysaccharase caused a 38.6 % (+1- 4.1 
%) reduction in adhesion. 
- 	Degradation of protein caused an almost 50% reduction in adhesion, the 
interactions between GI and Ent must be at least partially protein dependent. One 
or both species could possess adhesins on pili or as outer membrane proteins. 
Degrading the EPS also caused a significant reduction in adhesion. This may be a 
result of altering the receptor binding sites or changing the physical properties of 
the EPS. 
Sequential treatment with depolymerase then protease caused a 10 % (+1-
6.1%) greater reduction in adhesion than either treatment alone, perhaps because 
the depolymerase removes the EPS sufficiently for the protease to act or because 
both protein and EPS are directly involved in coadhesion. The effect of 
conditioning with whole cells was investigated in microtitre plates using EntGFP 
and fluorescence measurements (Fig 3); EntGFP attachment to GI was greater 
than to Ent, substantiating the involvement of interactions. The interactions may 
involve molecules on the surface of the GI cells, protein and/or carbohydrate 
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Fig 3 Effect of conditioning with • GI, I Ent cells on EnIGFP attachment, measured on a 
Labtech Biolite Fl fluorimeter. 
(EPS) groups. To investigate this further, EPS was used to condition the plate 
wells. 
Em' appears to produce differing EPS depending on whether it is grown 
in liquid culture or on solid media (unpublished results). Polysaccharides from 
• Em', grown on solid and liquid media, and GI were used to condition the wells 
• and the attachment of EntGFP measured by fluorescence (Table 1). 
EPS 	l.Lg Carbohydrate bound I well 	RFU I gg GIc 
EntS 1.72 	 46.0 
EntL 	 4.72 24.8 
GI 1.56 	 62.8 
Ent S= solid 	 EntL = liquid 
Table I Effect of conditioning with EPS on EnLGFP attachment measured using a Perkin 
Elmer LS50B fluorimeter. 
EntGFP binds maximally to GI EPS, followed by Ent S EPS and least to Ent L 
EPS. EntGFP binds to GI EPS when no other cell consituents are present. This 
infers that interactions involve Ent binding specifically to G  EPS. Other non-
specific mechanisms may also be involved, such as the presence of EPS altering 
the hydrophobicity of the substratum. 
Consequences of Interactions 
In addition to the enhanced accumulation observed in the mixed species biofllm, 
other physical properties may differ from the monospecies biofllms. For example, 
increased resistance to disinfectants by a mixed species biofllm has recently been 
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Fig 4 Treatment of 6h monospecies and dual species biofllms with a) an non-ionic 
detergent and b) a hypochiorite based detergent. Control counts: Ent 1.34 x 10' CFU/cm2 ; 
GI 1.45 x 10 7 CFTJIcm2; Mixed 5.02 x 10 1 CFU/cm2.Cells in the mixed bioflim survived 
better than in the single species biofihn. Bars represent SE. 
reported (Bourion and Cerf, 1996.) It has also been suggested that there is a 
metabolic advantage for certain microbial pairs to coaggregate or coadhere. 
Cell numbers for dual species bioflims were consistently higher than cell 
numbers for single species biofllms. Even taking this into account, mixed species 
bioflims were more resistant to treatment by a non-ionic and a hypochiorite based 
disinfectant than single species bioflims (Fig 4). The increased resistance of the 
mixed bioflim was greater than simply a reflection of viable cell numbers. Both 
species were more resistant in mixed bioflims where they benefited from the 
presence of the other. This may be due to physiological changes in one or both 
species, protection by the matrix or be manifestations of increased strength of 
attachment. 
The strengths of attachment of dual and single species biofilms were investigated 
using the method of Eginton et a! (1996). If the two species do not interact, the 
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Fig 5 Strength of attachment of GI and Ent single species and dual species biofilins following 15 min attachment period. Bars represent SE. Mixed A k - 0.97; Ent • k = - 0.178;GJ Uk-0.279. 
removal exponent (k) of the dual species bioflim would be expected to lie between 
the k values of the single species biofilms (Fig 5). The gradient (removal 
exponent) of the mixed biofllm does not lie between the two monospecies biofilm 
gradients, the gradient is less steep indicating Stronger attachment. The strength 
of attachment of the mixture is approximately twice that of the Ent single species 
bioflim and three times that of the GI single species bioflim. This implies that the 
two species profoundly influence each others attachment, even at an early stage, 
resulting in improved strength of adhesion. This is unlikely to be due to an 
increased production of EPS because of the short time span involved although 
stabilising interactions between the two types of EPS may alter their physical 
properties. The interactions could increase the strength of attachment not only to 
each other but to the surface and form a more stable complex. Alternatively, one 
species could alter the conditioning film and increase the adhesion of the second 
species. 
Conclusions 
Bacteria in biofllms gain a number of advantages over their planktonic 
counterparts, including protection from detergents and biocides. This work 
suggests that bacteria, which commonly grow in mixed biofilms, gain an even 
greater advantage. 
GI and Ent interact to form Stable, dual species biofilms. The co-
operation results in enhanced biofllm formation and altered bioflim physiology. 
The interactions may involve more than one mechanism, but are at least 
partially protein and partially carbohydrate mediated. The resultant dual species 
bioflims are more resistant to disinfection and are also more strongly attached. 
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The role of EPS in bioflims has been reviewed elsewhere (Sutherland 1995). Here we will 
concentrate on the roles of EPS in interspecies interactions within bioflims, both in the initial 
adhesion events and the development of a dual species bioffim. To illustrate this, we will 
concentrate on a particular partnership - Ent and Gi - which form bioflims co-operatively. 
Many microorganisms synthesise exopolysaccharides (EPS); they form integral components of 
all bioflims and can represent up to 95% of the biomass. Their ability to overcome repulsive 
energy barriers at surfaces and their invàlvement in specific interactions may influence initial 
adhesion stages. Assuming the possible involvement of microbial lectins, bacteria could attach 
to polysaccharide monolayers on exposed surfaces or to carbohydrate containing polymers 
associated with the surface of other microbial cells. 
Chemically, EPS are extremely heterogeneous containing a number of distinct 
saccharides and non-carbohydrate constituents (Allison and Sutherland 1987). D-glucose, D-
galactose and D-mannose are the most common sugars, with L-fi.icose and L-rhamnose 
frequently present. Some may contain rarer sugars such as L-hexoses and amino sugars. Many 
are polyanionic because of the presence of uronic acids, most commonly glucuronic and 
galacturonic acid (Sutherland 1990). A biofilm will be greatly influenced by the chemical 
composition, structure and physical properties of the polysaccharides. 
2. TOOLS FOR INVESTIGATION 
2.1 Green fluorescent protein (GFP) 
The species investigated in thisstudy are industrial biofilm isolates identified as Enterobacter 
agglomerans and Klebsiellapneumoniae Gi. E. agglomerans (Ent) comprises a very complex 
group of bacteria, which are ubiquitous in the natural environment (Grimont and Grimont 
1992). As both bacteria studied are Enterobacteriaceae, it was first necessary to identify these 
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similar species in a mixture. This was achieved by labelling one species (Enterobacter 
agglomerans) with a plasmid encoding green fluorescent (EntGFP). The strain was 
transformed using electroporation and GFP transformants were selected on the basis of their 
ampicillin resistance. GFP can then be induced with 0.5 % arabinose. This allowed evaluation 
in three ways: plating to examine culturable cells; microscopy (Niswender et al. 1995) and 
quantitative fluorescence measurements (Albano et al. 1996). 
2.2 Bacteriophage and enzymes 
Bacteriophages occur in high numbers in natural ecosystems. Many phages for EPS-producing 
bacteria also produce polysaccharide depolymerases during bacterial lysis; Studies on single 
species bioflims have shown that specific enzymes can very rapidly destroy the structure 
(Hughes 1997). This indicates the importance of EPS in maintaining the integrity of the 
bioflim. As these bacteriophage enzymes are highly specific they can be used to degrade one 
type of EPS in a mixture. Bacteriophage specific for Ent were isolated from primary sewage 
effluent by filtration and enrichment (Sutherland 1967). Soluble enzyme was prepared by 
centrifuging the phage preparation at 12 000 rpm and filtering through a Vivaspin filter device 
(Vivascience Ltd, Lincoln) with 100 kDa cut off. The activity of the enzyme preparation was 
evaluated using Ent EPS as the substrate and a reducing sugar assay (Park and Johnson 1949). 
3. CO-OPERATIVE BIOFILM FORMATION 
Under natural conditions, true monospecies bioflims are comparatively rare and in most 
natural and industrial environments, biofilms are complex communities. Diversity in microbial 
communities leads to a variety of complex relationships involving interspecies and intraspecies 
interactions. Interactions among bacterial species may have a profound influence on the initial 
stages of biofilm formation and development. The resultant bioflims may be thicker and more 
stable than monospecies bioflims and this could further influence their susceptibility to 
antimicrobials (Buorion and Cerf 1996). A two species system is simple enough to allow 
quantitative analysis of interactions and in situ speciation (Camper et al. 1996; Stewart el al. 
1997; Banks and Bryers 1991; Siebel and Charcklis 1991). 
In this work, dual and single species biofllms were grown on 4 mm diameter glass 
beads in 250 ml flasks with 100 ml YE broth (Sutherland and Wilkinson 1965) and inoculated 
to obtain approx 10 5 bacteria m1 1 . The flasks were incubated at 30 °C with shaking at 80 rpm. 
Viable counts were obtained after vortexing for 30 s to remove the biofilm cells. EntGFP 
colonies were identified in a mixture by UV illumination of the plates. Single species and dual 
species bioflim formation between EntGFP and GI was monitored by viable counts over 24h 
(Fig. 1). The growth at each time interval was greater than the sum of EnIGFP and GI growth 
in the single species biofllms. Ent and GI form biofilms more rapidly together than either 
species alone, suggesting they interact, causing increased attachment and/or growth. The role 
4 
of EPS in the initial interactions and development of this co-operative dual species bioflim 
were investigated further. 
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Fig. I Comparison of single species and dual species bioflim development on glass beads 
using viable counts. EnGFP was transformed with a plasmid encoding GFP, colonies in a 
mixture could then be identified using UV illumination of plates. Results are presented as 
surface coverage (cm -2).  Bars represent SE, n = 6. 
4. ROLE OF EPS IN INITIAL ADHESION EVENTS 
4.1 Bridging repulsion barriers 
The biofilm forming and adhesive functions of the EPS are extremely important medically and 
commercially. Polymers could play a role in the initial adhesion of bacteria to surfaces by 
bridging across the repulsion barrier and thereby anchoring the cell to the surface (or to other 
cells). Different mechanisms of polymer bridging may be involved in attachment to different 
surfaces. EPS may promote adherence of mucoid microorganisms to various substrata, but 
equally, possession of mucoid properties is not synonomous with adhesive properties. 
Excessive EPS production may serve to effectively disperse bacteria in suspension and prevent 
them from adhering to solid surfaces (Marshall 1985). The chemical and resultant physical 
properties of the EPS will also affect their adhesiveness (Sutherland 1997). EPS may be 
homo- or heteropolysaccharides which can be neutral, (rarely) positively or (commonly) 
negatively charged. Work by Hughes (1997) has shown Ent produces a neutral polysaccharide 
which is virtually insoluble in water. Its hydrophobicity may help determine its behaviour at an 
interface. So, whether an EPS functions as an adhesive or not may be dictated by its chemistry 
and that of the substratum. 
4.2 Specific interactions 
Where more than one microbial species is present, a variety of specific interactions between 
pairs may occur which differ from interactions between cells of the same species. Many 
bacteria have been found to possess proteinaceous adhesins on their surfaces which bind in a 
stereochemically specific manner to complementary molecules or receptors, on the surface of 
other bacterial cells of the same. or different species (James et al. 1995). Adhesins are often 
lectins which bind to saccharide receptors on the surface of other cells or substrata. As 
monosaccharides can combine in so many ways they are well suited to serve as a framework of 
a recognition system. These lectin-receptor interactions have been particularly well studied in 
oral systems (Kolenbrander 1991). In addition to their role as receptors to adhesins, EPS 
produced by one species may alter the substratum properties and indirectly affect the adhesion 
of another species. 
Microtitre plates (MTP) were treated with EPS (conditioned) in order to investigate 
the role of EPS as a reóeptor in dual species bioflims. The GI and Ent extracellular 
polysaccharides (EPS) were prepared by acetone precipitation, dissolved (or resuspended) in 
distilled H2O 50 p.g glucose equivalents added to each well and incubated at 37 °C for 24 h. 
The amount Of carbohydrate bound to each well was calculated using an adaptation of the 
phenol-sulphuric assay for total carbohydrates (Dubois et al. 1956). EnIGFP cells were added 
to each well and the fluorescence of attached EntGFP cells measured on a Perkin Elmer 
LS50B fluorimeter (excitation 395 nm, emission 508 rim) (Table 1). Ent appears to produce 
differing EPS depending on whether it is grown in liquid culture (EntL EPS) or on solid media 
(EntS EPS) (unpublished results). EntGFP bound maximally to GI EPS, followed by Ent S 
EPS and least to Ent L EPS. EntGFP bound to GI EPS when no other cell constituents were 
present. This suggests that EnIGFP possesses specific adhesins which bind to GI EPS. 
To find out how much Ent EPS contributed to the interactions, EntGFP cells were 
treated with a specific polysaccharide depolymerase. Enzyme treatment was correlated with 
adherence to GI by measuring EnIGFP fluorescence. The preparation had a specific activity of 
3.78 x 10 .t mol reducing sugar (as glucose) (ml phagej'(mg EPS)' h' (mg protein)' and 60 
min treatment with Ent depolymerase caused a 39 % (+1- 4.1 %) reduction in adhesion (Table 
2). Degrading the EPS caused a significant reduction in adhesion, which could suggest that 
Ent EPS also acts as a receptor or that the physical properties, such as hydrophobicity, affect 
coadhesion. - 
Table I Effect of conditioning with EPS on En!GFP attachment measured using a Perkin 
Elmer LS50B fluorimeter. En! S = En! EPS grown on solid media; En! L = En! EPS grown in 
liquid culture. n = 96 
EPS Amount of EPS bound per well Fluorescence of adhering EntGFP cells 
jg Carbohydrate 	 RFU gg GIc' 
EntS 	1.72 (SE 0.05) 46.0 (SE 0.35) 
EntL 	4.72 (SE 0.07) 24.8 (SE 0.42) 
GI 	1.56 (SE O.09) 62.8 (SE O.26) 
Table 2 Effect of treatments on the adhesion of En!GFP to Gi, measured by fluorescence. 
Effect of treatments on the adhesion of GI to EnIGFP, measured by absorbance following 
regrowth. SE where n.= 84. 
Inhibitor or treatment 	% reduction 
	
SE 
EnIGFP adhesion to GI 
Mannose 	 0 
Phage depolymerase 	 38.6 	 4.1 
Gi adhesion to EntGFP 
Increased EPS production 	22.0 	 1.3 
Mannose 	 5.0 0.6 
CelIulaseT.V. 	 22.3 	 1.1 
Driselase 	 10.1 1.2 
Quantification of GI adhesion has also permitted the evaluation of treatments to 
prevent the adhesion of Gi to En!GFP. The technique relies on the ability of GI to regrow 
into the nutrient-rich liquid phase above the biofilm. En!GFP was killed using UV irradiation 
prior to Gi addition, to prevent regrowth of the base species. Turbidity measurements 
showed that GI adhesion was proportional to regrowth after 16 h incubation at 30°C. 
Addition of mannose during the attachment period caused a small reduction in adhesion (4.5 
%) which indicates a small amount of specific adhesin-carbohydrate interactions involving 
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mazmose. Other components must also be important in the interactions between these two 
species. Degrading GI EPS with the commercial polysaccharase mixtures Cellulase T.V. and 
Driselase (Sigma), for I h at 30 °C, caused a 22 % and 10 % reduction in adhesion to EnIGFP 
cells respectively (Table 2). Increasing the glucose content, leading to increased C:N ratios 
resulted in increased EPS production by EnIGFP. Increased production of EPS by EnIGFP - 
caused an increase of 22 % in GI adhesion to it. 
5. ROLE OF EPS IN DUAL SPECIES BIOFILM DEVELOPMENT 
As EPS form integral Components of all biofllms, their physical properties will greatly 
influence their nature and structure. A small number of studies to characterise EPS associated 
with bioflims have shown that they vary greatly in composition and physical properties. The 
majority of EPS are soluble in water, but some EPS are virtually insoluble (eg. Ent EPS) or 
form rigid gels when in ordered forms. Polysaccharides of this type are likely to be effective in 
holding bioflims and components together (Sutherland 1997). Adhesive polymer synthesis may 
be induced by attachment or proximity of the substratum and has been implicated in 
microcolony formation on surfaces (Allison and Sutherland 1987). 
5.1 Selective removal 
In dual species biofllms, the role of each EPS can be elucidated by using degradative enzymes 
specific for one polymer. To investigate the contribution of EPS to 24 h biofilm structure, 
phage enzyme was used to selectively remove one component (Ent EPS). Single and dual 
species biofilms grown on glass beads were treated with Ent specific depolymerase for 5 and 
30 mm. The results (Table 3) showed that both species were removed from dual species 
bioflims. This may be related to their close proximity within microcolonies or it could be 
because Ent contributes more EPS to the mixture. To measure the amount of each type of 
EPS in dual species biofilms, two different approaches were used: phage enzyme degradation; 
and measurement of the monosaccharide constituents by HPLC. 	 - 
5.2 Unequal contribution 
Ent EPS was isolated from bacteria grown on solid agar plates. The cultures were centrifuged 
at 10 000 rpm for 30 min and the EPS acetone precipitated. The EPS were redissolved (or 
resuspended) in distilled water, dialysed for 48 h and lyophilised. Bioflim EPS was isolated by 
harvesting cells from glass beads, rinsing 3 x in PBS and vortexing vigorously. The material 
was dialysed for 48 h, centrifuged atlO 000 x g for 15 min and lyophilised. A yield of approx. 
50 mg bioflim EPS was obtained from 250 g, 1 mm diameter glass beads. The degradation of 
mixed biofilm EPS could be compared with Ent EPS using Ent phage enzyme. Ent EPS, Ent 
single species bioflim EPS or mixed species biofllm EPS (2 ml 5 mg m1 4) were mixed with 2 
El;] 
ml phage enzyme and incubated at 30 T. Release of reducing sugar was assessed in samples 
taken at 1, 2, 4, 6 and 24 h according to the method of Park and Johnson (1956) (Table 4). 
The reducing sugar released from the mixed bioflim EPS was expressed as a % of the control, 
Ent EPS. This showed that 80 % of the dual species bioflim EPS derived from En!. Viable 
counts showed Ent cells represented 45 % of the bioflim, suggesting Ent contributes more 
EPS to these dual species bioflims. This may be confirmed using HPLC, as comparison of G1 
and En! EPS hydrolysates has shown that both contain glucose, galactose and rhamnose, but 
only GI contains mannose (data not shown). This should allow the proportions of En! and GI 
EPS in dual species bioflims to be confirmed. GI could benefit from the presence of excess 
Ent EPS, as it is insoluble and probably contributes greatly to the adhesive nature of mixed 
microcolonies. 
5.3 Interactions between EPS 
The rheological interaction of mixed EPS may lead to a solution with different properties, such 
as increased viscosity and gelation (Allison and Matthews 1992). So two EPS may form a gel 
at polysaccharide concentrations which do not do so individually. The interactions between 
En! and . G1 EPS were investigated by measuring their viscosity on a LVTD digital viscometer 
(Brookfield, Stoughton, MA, USA). As En! EPS was insoluble in 1120, dimethylsuiphoxide 
(DMSO) was used as the solvent for both GI and En! EPS. Gi EPS was fully soluble in 
DMSO and En! EPS was partially soluble (0.8 mg ml -1). 2 ml volumes of each EPS were 
measured using a spindle speed of 60 rpm. 1 ml of both types of EPS were then mixed and the 
increase in viscosity measured over time (Fig. 2). This suggests the EPS do interact, changing 
their physical properties and the properties of the mixed polymers may be beneficial to the 
bioflim. This could partially explain the enhanced resistance to disinfection of this interesting 
co-operative dual species bioflim (Skillman etal., 1997). Rheological interactions between 
EPS from Pseudomonas cepacia and Pseudomonas aeruginosa have also been shown to 
decrease diffusion and antibiotic susceptibility (Allison and Matthews 1992). 
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Table 3 Removal of cells from single species and dual species bioflims using Ent specific 
polysaccharide depolymerase, isolated from bacteriophage. 
CFU cm 
Enzyme treatment 	Mixed 	 Single Species 
GI 	EntGFP 	GI 	EnIGFP 
Control 3.9x104 7.2x104 2.6x104 4.2x104 
5 min 2.7x10 2.8x103 2.1x104 3.7x103 
30 min 1.5x103 1.5x103 2.5x104 1.2x103 
Table 4 Degradation of Ent EPS and EPS isolated from dual species bioflims by phage 
depolymerase, measured using a reducing sugar assay. SE where n = 3. 
Degradation time Control (A) Release of % 
(h) EPS only Experimental Reducing sugar En! EPS 
En! EPS 
0 1.285 (0.001) 1.301 (0.013) 
1 1.288 (0.011) 1.371 (0.029) 0.067 100 
2 1.289 (0.013) 1.460 (0.011) 0.155 
4 1.281 (0.005) 1.493 (0.014) 0.196 
6 1.285 (0.002) 1.480 (0.001) 0.179 	- 
24 1.157 (0.062) 1.363 (0.013) 0.190 
Mixed biofilm EPS 
0 0.789 (0.007) 0.957 (0.010) 
1 0.737 (0.003) 0.948 (0.007) 0.043 64.2 
2 0.644 (0.004) 0.948 (0.007) 0.136 87.7 
4 0.648 (0.006) 0.972 (0.005) 0.156 79.6 
6 0.636 (0.008) 0.948 (0.027) 0.144 80.4 
24 0.428 (0.011) 0.770 (0.025) 0.174 91.6 
mean 80.7 
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Fig. 2 Viscosity of Ent and Gi EPS, or EPS mixtures dissolved in DMSO and measured on a 
digital viscometer (Brookfield, Stoughton, MA, USA). 
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CONCLUDING REMARKS 
This co-operative biofilm provides a good example of the roles of EPS in adhesion and 
development. It is likely that in this system both species contribute to the initial interactions. 
Both may possess specific adhesms but the nature of Ent EPS may also be important for initial 
adhesion. Interactions between the EPS may partially explain this biofilms' increased 
resistance to disinfection and increased strength of adhesion. During development Ent appears 
to contribute more EPS to the mixture. As Ent EPS is insoluble, this will undoubtedly affect 
the properties of the mature biofilm. EPS production may also be increased in these biofilms, 
and certainly, where nutrients are not limiting this has been found to be the case. The work 
reported here also suggests that these two strains do not produce "bioffim-specific" 
polysaccharides, as the specific enzymes degrade both bioflim and liquid culture EPS. 
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